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Abstract
Uncontrolled bleeding and infection are leading causes of patient morbidity and mortality
following traumatic injury. Traditional pressure based methods of hemorrhage management are
not suitable for incompressible or complex wounds. There is increasing interest in non-pressure
based hemostatic dressings; however, many of these existing dressings are not amenable for use
in complex sites and are often accompanied by adverse side effects. Additionally, patients are
typically administered broad-spectrum antibiotics to prevent and eliminate existing infection.
The systemic overuse of antibiotics has led to a worldwide increase in drug-resistant bacteria.
As an alternative to these conventional treatments, local therapeutic delivery has the potential to
effectively treat cellular dysfunction while avoiding drug toxicity.
This thesis focuses on developing degradable layer-by-layer (LbL) assembled multilayer
films as local delivery coatings to address infection, inflammation, and bleeding. These films
were engineered to deliver potent antibiotics such as vancomycin and exploratory drugs such as
antimicrobial peptides, which prevent the development of drug resistant bacteria. Active films
with large drug loadings and a range of drug release profiles were developed by taking advantage
of film architectures, assembly techniques (spray versus dip LbL), and film component
interactions. Due to the prevalence of infection and inflammation, degradable coatings for the
concurrent release of antibiotics and anti-inflammatory therapeutics were also designed. These
films have the potential to address a wide range of infection and inflammation requirements,
from short term infection and inflammation eradication for trauma relief to infection prevention
and long term inflammation mitigation from biomedical implants. All films were successfully
applied to medically relevant substrates, including bandages and sutures, and were shown to be
active in vitro against Staphylococcus aureus and cyclooxygenase. To address current
complications with bleeding control, multilayer films were developed based on hydrogen
bonding interactions found to occur between a polyphenol, tannic acid, and an essential clotting
factor, thrombin. These thin films were used to coat a common clinically applied absorbent and
porous gelatin sponge without reducing its liquid absorption capabilities. Coated sponges were
shown to be highly effective in promoting hemostasis in a porcine spleen injury model. The
therapeutic films developed in this thesis have the potential to be applied to any clinical
substrate. Additionally, drug loading and release can be tuned based on the desired application.
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Chapter 1
Introduction
Bleeding and infection are two major causes of patient morbidity and mortality following
traumatic injury [1-3]. Traditional options for hemorrhage control include the application of
pressure-based devices such as tourniquets and compressive bandages. However, these devices
are often unsuitable for application to complex wounds or incompressible sites, and recently
there has been much interest in the development of non-pressure based hemostatic dressings [1,
4]. Fibrin based glues and dressings have been used to augment the natural clotting cascade.
However, fibrin products are not practical due to their short shelf-life, exorbitant prices, and risk
of disease transfer. Zeolite-based powders have also been applied; they function by absorbing
water and concentrating the clotting factors in a wound. Again, these powders are not ideal due
to their lack of applicability in windy environments and the inherent exothermic reaction that
accompanies their use, which is known to cause severe burns to surrounding tissue [1, 5].
Freeze-dried chitosan bandages have shown the greatest promise of currently available
hemostatic dressings and have been adopted for use by the Department of Defense [2, 4]. The
mode of action of these bandages is not entirely understood; however, their ability to promote
hemostasis is thought to be due to their tissue adhesive properties, ability to cause
vasoconstriction, and attraction of negatively charged red blood cells and platelets [1]. The
primary drawback of these chitosan bandages is difficulty in application to complex non-planar
wound sites [1].
To treat potential infection following injury, patients are typically administered broad-
spectrum antibiotics orally or intravenously. This systemic exposure allows drug-resistant
bacteria to flourish and greatly increases difficulty in treating infection [6]. In fact, in wounded
soldiers, there is a close correlation with the increasing use of broad-spectrum antibiotics and a
rise in antibiotic-resistant bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA)
[3]. Additionally, colonization of bacteria on implant surfaces or dead-tissue can give rise to
biofilms, which further complicate treatment [7]. There has been much research in the area of
localized antibiotic delivery methods to avoid systemic administration, particularly in the area of
orthopedic devices, wound dressings, periodontal devices, and vascular grafts, to name a few [8].
Scaffolds and dressings embedded with the antimicrobials allowing for passive drug release [8-
10], drug-loaded hydrogels [11], degradable coatings [12-14], and antimicrobial polymeric
surfaces [15-19] have been developed. In many cases, these devices are unable to bear large
drug loads without compromising device integrity. Often, there is inadequate control over drug
release timescales and concentrations. This is especially concerning as prolonged exposure to
antibiotics, particularly at concentrations that are below the minimum inhibitory concentration of
the therapeutic against common bacteria, is directly implicated in causing drug resistance [6, 8].
It is clear that there is vast area for improvement in both the control of bleeding and the
treatment of infection. Namely, for bleeding control, there is a need for an effective non-
pressure based technology that is applicable to a variety of wound configurations. For infection
treatment, local delivery methods that demonstrate superior control over drug release timescale
and drug loading are needed.
1.1 Controlled Local Drug Delivery
Use of local drug delivery devices has the potential to alleviate many of the non-ideal
outcomes of systemic drug delivery. Most often drugs are administered either topically, orally,
intravenously, intramuscularly, subcutaneously, or sublingually. Local delivery offers
significant advantages over these methods. These include requiring lower drug doses, a greater
control over drug toxicity and bioavailability, potential for extended release, potential for control
over drug release profile directly at the site, and requiring lower number of drug administrations
during treatment [20, 21]. There are numerous local drug delivery devices currently approved by
the United States Food and Drug Administration (FDA) that are routinely utilized. Some of the
prominent areas of use include drug-eluting stents, catheters, orthopedic devices, and wound
dressings [8, 20]. In most of these devices, polymers are utilized to both load and control drug
release behavior. Commercial drug-eluting stents contain micron-scale coatings of
polyisobutylene or polymethacrylate copolymers loaded with drug. In the case of the widely-
studied sirolimus-releasing stent, CYPHER7 (manufactured by Cordis), drug loadings of
approximately 140 pg/cm2 are attained with a burst-release upfront followed by extended drug
release up to 6 weeks. For antimicrobial catheters, two methods of functionalization have been
employed, including dip coating of catheters in drug solution prior to use where drugs will
adsorb onto and absorb into the catheter material, as well as drug impregnation prior to injection
molding or extrusion to produce the device [20]. To combat osteomyelitis, antibiotics are loaded
into bone cement, polymethylmethacrylate (PMMA), or PMMA beads. PMMA bone cement is a
non-degradable polymer in which drugs can be combined during the curing process, in which a
solid and liquid component are combined immediately prior to use. The solid component
contains the PMMA powder, an initiator, and the drug, while the liquid component contains the
methyl methacrylate monomers. Upon mixing, the glassy polymer cement is formed within
minutes accompanied by an exothermic reaction [8]. Drug release behavior from PMMA is
governed by drug loading, porosity, surface area, and roughness [20]. Wound dressings are also
another application of great interest for localized drug delivery and there are several currently
approved devices in use. Acticoat@ (manufactured by Smith and Nephew) is a gauze dressing
with silver-coated polyethylene meshes on both the outer layers; wetting the gauze several times
a day allows the release of antimicrobial silver to the wound site. To eliminate need for
changing dressings, biodegradable dressings utilizing lactide-caprolactone copolymers have
found utility in the clinic [20]. Aside from the few mentioned here, numerous other formulations
and applications of local drug delivery devices are currently in clinical use.
Despite their widespread use, there are many areas for improvement of currently used
drug delivery devices. Many of these devices release drug at concentrations that are sub-
therapeutic which can exacerbate the condition and increase difficulty in treatment. This is
especially prevalent with PMMA use, where often less than 10% of the loaded drug is eventually
released from these non-degradable matrices [8]. Additionally, it has been shown that many of
the organisms in contact or close proximity to the drug-releasing PMMA, develop resistance to
the drug, most likely due to the sub-minimum inhibitory concentration drug exposure [20]. Also,
there is often a lack of adequate control over drug delivery timescales, where prolonged drug
exposure is problematic and may give rise to drug-resistance in the case of antibiotics. These
limitations can often not be overcome with current design methods, due to the fact that the
mechanical and functional properties of the drug loaded devices must be maintained. Most of
the current methods do not allow for complex delivery profiles, such as sequential delivery of
multiple therapeutics. In current devices, release is often a combination of drug diffusion and
degradation or dissolution of polymer matrix [21], rather than a stimuli-responsive release.
Additionally, as apparent with PMMA use, many of the current local delivery techniques are
inherently harsh in regards to temperature or solvent used during device preparation [8]. This is
especially problematic when trying to incorporate sensitive components into these devices, such
as proteins, which will denature at these conditions. Recognizing the benefits of controlled local
drug delivery while trying to overcome the many drawbacks of current techniques, this thesis
explores the development of therapeutic coatings using the layer-by-layer assembly technique to
target infection, inflammation, and bleeding.
1.2 Layer-by-Layer Assembly
Layer-by-layer (LbL) assembly is used for the fabrication of polymer multilayer films
[22]. In this technique, films are assembled by the sequential adsorption of materials with
complementary functionality, including electrostatic interactions [22], hydrogen-bonding [23],
and biological interactions [24]. Following each deposition step, a wash step is used to remove
any non-specifically bound material. Functionality reversal at each deposition step allows the
film to continue growing with each subsequent deposition [22]. Although dip LbL assembly, in
which the substrate is submerged in deposition solutions allowing substantial time for diffusion
and adsorption of species to the growing film surface, is the most common method of LbL
assembly, both spray [14, 25-28] and spin LbL assembly [29] have also been explored. Spray
LbL assembly, in particular, has shown great promise in achieving thin films in a time-effective
manner by eliminating diffusion limitations of the LbL process. LbL assembly is an aqueous
technique, and unlike many of its bulk coating counterparts, it is able to support the direct
encapsulation of a variety of sensitive molecules and macromolecular species, including proteins
[30-34], peptides [13, 35, 36], nucleic acids [24, 37-40], etc. This assembly technique has found
utility in a variety of areas, including biological engineering, electrochromics, and fuel cells,
amongst numerous others [41-47]. Additionally, due to ease of application, LbL films have been
applied to a wide variety of substrates, including stents [37], electrospun materials [27],
microparticles [38], mammalian cells [48, 49], biological tissues [50], etc. Properties of the
materials and solvents used to assemble these films are critical in determining film
characteristics, including molecular weight and degree of ionization, related directly to solution
ionic strength and pH [13, 51-53].
1.2.1 Layer-by-Layer Assembly for Drug Delivery
Due to the fact that a wide range of species can be encapsulated and delivered from LbL
assembled systems, these films are being examined extensively for various therapeutic
applications [44]. Of particular interest to this thesis are films developed to deliver
antimicrobials, anti-inflammatory drugs, and proteins. In specific, previous research has shown
the incorporation and release of a variety of therapeutics from LbL films, including antibiotics
such as gentamicin [12, 54, 55] and triclosan [56], chemotherapeutics such as doxorubicin [57],
non-steroidal anti-inflammatory agents such as diclofenac [58], and proteins such as FGF-2 and
BMP-2 [30, 31, 33, 34]. In much of this work, it has been shown that changing the number of
layers allows for tunable drug loading.
Many groups have explored the encapsulation of drugs in these films by absorption after
film assembly where the drug is not one of the direct building blocks of the film. For example,
in one study bilayer films were composed of poly(L-lysine) (PLL) and hyaluronic acid,
following which the film was soaked in paclitaxel allowing for absorption of the drug. These
films had an anti-proliferative effect on a cancerous cell line [59]. In another recent study, a
unique method of using LbL films to obtain antimicrobial drug incorporation and release was
examined. In this study, bilayer films were assembled with poly(methacrylic acid) (PMAA) and
poly(N-vinylpyrrolidone) (PVPON) which were subsequently crosslinked and the PVPON
removed, leaving behind a PMAA hydrogel. Antimicrobial drugs, proteins, and peptides were
incorporated post hydrogel formation via absorption. The drug release here was based on
hydrogel swelling in response to changes in pH and ionic strength [55]. Others have explored
the direct incorporation of the drug as a component of the LbL film. In one study, the
antimicrobial peptide (AmP), defensin, was adsorbed as a layer into a bilayer film of poly(L-
glutamic acid) (PGA) and PLL. The cationic defensin was deposited following an anionic PGA
deposition, and PLL was needed in order to obtain complete charge reversal. Release of drug
from these films was not quantified or examined; however, it was noted that bacteria needed to
be in close contact with the film for antimicrobial activity to be visualized [35].
Rather than relying simply on passive release of drugs, stimuli-responsive drug release
may be desirable. For example, biodegradable polypeptides including PLL and PGA have been
used extensively in LbL films for this purpose. In one particular study, both TGF-p and BMP-2
were incorporated as layers into a PGA and PLL containing film and used to create polymeric
capsules. In vivo bone formation upon administration of these capsules was examined in mice.
Film activity in this study was attributed to the enzymatic degradation of the PGA and PLL,
liberating the active proteins [31]. In a similar study, films containing PGA, PLL, DNA, and
cyclodextrins, were found to demonstrate in vitro activity only in the presence of cells and not
due to passive release of drug [60]. Although these biodegradable polymers have been utilized
extensively, their properties are often not as easily manipulated as entirely synthetic polymers,
which has implications on drug loading and release properties of LbL films. Many researchers
have therefore examined the use of synthetic degradable polymers in these films, such as
hydrolytically degradable poly(p-amino esters) [61, 62]. The properties of these polymers can
help tune the degradation rate of LbL films in the specific environment in which the films are
applied. For example, the level of hydrophobicity of poly(p-amino esters) has been shown to
greatly influence the mechanism of film degradation, including surface and bulk erosion, and the
rate at which these processes occur [63].
It may also be desirable to sequentially deliver multiple therapeutics from a single LbL
assembled film. Sequential drug delivery is complicated by the phenomena of interdiffusion
which occurs when one or more components within a film architecture are sufficiently mobile
within the underlying film during assembly, allowing rearrangement in the film structure [52].
Methods of blocking interdiffusion of one segment of a multilayer film from another have been
examined in the form of thermally crosslinked barrier layers for the sequential delivery of
macromolecular model therapeutics [64]. Additionally, current methods in the Hammond Lab at
the Massachusetts Institute of Technology such as the incorporation of catechol modified
polymers into LbL films have also shown great initial promise in controlling film component
interdiffusion.
1.3 Thesis Overview
This thesis focuses on using LbL assembly to design device coatings that target infection,
inflammation, and bleeding. The remainder of the thesis is divided into 7 chapters discussing the
design of these coatings. In Chapter 2, a hydrolytically degradable polymer multilayer film is
developed for the delivery of an AmP, ponericin GI. Several film architectures are designed in
which the AmP is directly incorporated via its net cationic charge. Depending on film
architecture, a variety of drug loadings are obtained and AmP is released over a timescale of 10
days with varying release profiles. The film-released ponericin G1 is found to maintain
complete activity against S. aureus. Additionally, film-coated surfaces prevent bacterial
attachment which may be useful in preventing biofilm formation [13].
Although AmP films are highly promising, production of natural AmPs is not cost-
effective. As a viable alternative, Chapter 3 describes the use of dip and spray LbL assembly to
develop hydrolytically degradable films for the delivery of a small weakly charged antibiotic,
vancomycin. These films are found to have unprecedented drug loadings (up to 20 weight
percent) and a variety of release profiles including bolus and linear drug release. Drug loading
and release profiles are strong functions of both film architecture and LbL assembly technique
(spray versus dip LbL). This work also provides insight into the importance of interdiffusion in
these films for promoting non-electrostatic secondary interactions that are necessary for
enhancing film stability [14]. Additionally, Chapter 3 describes studies on the long-term storage
stability of these vancomycin containing films. These films are found to be highly stable at both
room and elevated temperatures and entirely maintain vancomycin activity against S. aureus,
providing a valuable alternative to typical intravenous formulations of the drug which are known
to degrade at these conditions.
Chapter 4 describes the design of coatings aimed at simultaneously targeting infection
and inflammation. These composite films are assembled using the antibiotic films described in
Chapter 3 and modularly combining with LbL films previously developed for the delivery of
diclofenac, a non-steroidal anti-inflammatory drug [58]. Studies uncovering novel interactions
between vancomycin and diclofenac as well as other film components allow a priori prediction
of the behavior of these composite films. Dip and spray LbL assembly are used to further
control drug loading and release. The versatility of these films in coating medical devices,
including bandages, intraocular lenses, and sutures is also demonstrated in this work, and
complete retention of film-released therapeutic efficacy is demonstrated.
In Chapter 5, the vancomycin films developed in Chapter 3 are applied to a clinically
relevant substrate, an absorbent and porous gelatin sponge, Surgifoam@. These sponges are
typically used in combination with clotting factors, to promote hemostasis, and would clearly
benefit from releasing antibiotics as well. A vacuum spray assembly technique is used to
assemble vancomycin films on Surgifoam@ in order to take advantage of the large surface area
available for coating and minimize liquid exposure. The effect of the sponge on the drug loading
and release kinetics of these vancomycin films along with the effect of the film on the substrate
are thoroughly examined. Overall, an increase in drug loading and release time is noted along
with increased liquid absorption by film-coated sponges. This increased absorption is attributed
to the hydrophilicity and absorptive quality of the vancomycin film. Additionally, the coated
sponges show activity against S. aureus compared to no activity with uncoated sponges, as
expected.
Chapter 6 describes the development of multilayer films aimed at promoting hemostasis.
These nanoscale films are designed based on novel hydrogen bonding interactions found to occur
between a polyphenol, tannic acid, and an essential clotting factor, thrombin. These films are
developed primarily using spray LbL assembly. The growth and morphology of these protein
films is thoroughly described. The films are also applied to Surgifoam@. In collaboration with
Ferrosan these films are tested for both in vitro and in vivo activity. The Surgifoam@ coated
films are found to be highly active in promoting hemostasis in a porcine spleen injury model.
As previously mentioned, use of AmPs as antimicrobial therapies is often impractical. In
Chapter 7, the development and testing of a cost-effective synthetic antimicrobial polypeptide is
described. A library of these polypeptides is synthesized by the ring opening polymerization of
y-propargyl-L-glutamate N-carboxyanhydride and the alkyne-azide cycloaddition click reaction.
The polypeptides range in length from 30 to 140 repeat units and have varied side group
functionality, including primary, secondary, tertiary, and quaternary amines with hydrocarbon
side chains ranging from 1 to 12 carbons long. Overall, these polypeptides are shown to have
broad-spectrum antimicrobial activity against both Gram-positive and Gram-negative bacteria
and also prevent bacterial attachment on functionalized surfaces. Additionally, these
polypeptides display very low hemolytic activity, far lower than most natural AmPs, an initial
test of their biocompatibility [19].
Finally, Chapter 8 concludes with a discussion of the primary conclusions from Chapters
2 through 7. Additionally, Chapter 8 provides suggestions for future work that may advance the
current findings of this thesis.
Chapter 2
Controlling the Release of Peptide Antimicrobial
Agents from Surfaces
2.1 Introduction
A sharp rise in the emergence of antibiotic resistant bacteria over the last several decades
is of major concern. Methicillin-resistant Staphylococcus aureus (MRSA), which was initially
found to be limited to hospitals, has become widespread in community settings during the last
two decades despite efforts to contain its spread. Over time, staph resistance to several other
classes of antibiotics is also being observed [65]. Additionally, soldiers returning from overseas
are often seen to have contracted multi-drug resistant infections [3]. This vast spread in
antibiotic resistance is due in part to the sophisticated mechanisms by which these bacteria gain
resistance, including the ability of bacteria to exchange genetic material from one strain to
another [65]. This exchange of genetic information is much more likely to occur upon repeated
exposure to large concentrations of particular antibiotics. Current therapies, such as prophylaxis
with broad spectrum antibiotics, only augment this critical problem [66]. For these reasons, a
localized rather than systemic administration of antimicrobial agents is highly desirable.
Scientists have recently begun to understand the mechanisms behind the development of
biofilms, which are a common source of infection. These sessile bacteria colonies develop on
medical device surfaces and dead tissue. They damage surrounding tissues and lead to implant
failure, while giving rise to planktonic cells and spreading infection [7]. Biofilms are rarely
treatable with conventional antibiotics, and methods of resistance differ from those which
planktonic cells have adopted [7, 67]. The most effective method for preventing biofilms, is to
stop the initial bacterial attachment on the surface of the implant material. Bacteria attachment
can be prevented by using appropriately functionalized implant coatings.
Localized antimicrobial delivery leads to time-effective handling of infection, while
potentially eliminating issues associated with systemic toxicity and excessive exposure of
healthy human bacterial flora to agents that may cause resistant bacteria to develop [68].
Localized antimicrobial delivery has been explored in the context of drug loaded orthopedic
device coatings, cements, and wound dressings with conventional antibiotics in attempts to
prevent biofilm formation and treat infections caused by planktonic bacteria [8]. Although
controlled local release resolves some of the issues of systemic treatment, an additional challenge
is the ability to gain therapeutic efficacy of antibacterial treatments while avoiding contributions
to the rise in antimicrobial resistance. The systematic and controlled release of antimicrobial
peptides (AmPs) provides a means to achieve this goal. These broad spectrum peptides are
found as part of the innate immune system in eukaryotes, and are used as a first line of defense
against invading pathogens. AmPs are active against Gram-positive, Gram-negative, and multi-
drug resistant bacteria, and are also known to be antifungal and antiviral [69, 70]. The exact
modes of action of these peptides remain to be elucidated; several proposed mechanisms [69-71]
suggest that AmPs are very unlikely to cause the development of resistance. Additionally, it has
been found that AmPs, such as lactoferrin, are able to block biofilm development [72]. AmPs
might have this effect on biofilms due to their diverse modes of action and cellular targets [73].
Recognizing AmPs as a promising agent intended to combat and prevent infection and formation
of biofilms, we have explored the controlled and extended delivery of AmPs from layer-by-layer
(LbL) assembled polyelectrolyte multilayer films, which can coat a variety of materials for local
delivery.
Layer-by-layer assembly of multilayer thin films is a versatile tool used in the past to
formulate thin films for numerous applications such as drug delivery [12, 30, 40, 62, 64, 74, 75],
biosensors [76], selective membranes, fuel cells [77], nanomechanical films, and electrochromic
devices [41]. These films can be formed by exploiting electrostatic, hydrogen bonding, and
covalent interactions between film components [22, 23, 78, 79]. Compared to other proposed
methods of local drug delivery, such as the use of hydrogels, LbL films offer the ability to gain
temporal control over drug release from a variety of substrates and the potential for pairing AmP
release for sequential delivery of multiple therapeutic agents [64]. By incorporating
hydrolytically degradable polymers into these films, surface erosion based temporal control of
drug release can be attained. The family of cationic poly(p-amino esters) [61] has proven to be
very useful for this particular application [43, 80]. These polymers have been shown to be
effective in the delivery of several model drugs [62], proteins [30], antibiotics [12], and DNA
[40]. Additionally, compared to other coating techniques, LbL assembly has the advantage of
being a gentle, aqueous assembly process, which has the ability to conformally coat virtually any
substrate, with nanometer level control over the composition of the layers. An advantage of
AmPs that enables facile assembly with negatively charged polymer systems is their largely
cationic composition.
A few recent studies have recognized the need for local delivery of new antimicrobials,
and have focused on AmP incorporation in LbL films. Non-degradable and non-eluting films
were the focus of initial studies in which LbL films containing antibacterial and antifungal
cationic AmPs were assembled [35, 81]. These films were found to have strong action against
various Gram-positive and Gram-negative bacteria and fungi placed in contact with the resulting
film surfaces. The results attributed importance to the initial bacterial adhesion to the film and
the resulting proximity of the peptide to promote bacteria killing; no drug was found to elute
from the films. A more recent study looked at construction of a film containing a hydrophobic
AmP, and qualitatively determined that this AmP was partially leached from the non-degradable
film system and remained active in solution over a timescale of 24 hours. These films also
exhibited strong activity against Gram-positive bacteria; this action was attributed to both the
contact of bacteria with the film surface as well as activity of released peptide in the surrounding
media [36]. The level of control in peptide loading and release timescales that are required in
applications that could benefit from such antimicrobial films has thus far not been demonstrated;
the introduction of thin film coatings that can release AmPs in a controlled manner are therefore
of interest for biomedical coating and wound healing applications.
With the initial successes of AmP incorporation in LbL films, there remain challenges in
achieving sustained AmP release from surfaces with a highly tunable amount of drug loading. It
is also important to achieve fully decomposable films that erode completely in the body for
applications such as coatings on degradable bandages, sutures, and medical implants. For these
purposes, we examined a previously unexplored aspect of local delivery of AmPs: delivery from
degradable polymer films. As mentioned earlier, use of degradable LbL films allows for
temporal control over drug release as well as a potential for sequential release with a multitude of
agents, including those needed for hemostasis and wound healing, as well as tissue regeneration
and repair. A form of the natural AmP, ponericin G 1, was the focus of this study. Found in the
venom of predatory ants, the ponericin family has shown strong activity against a wide range of
bacteria, including S. aureus, and has low hemolytic activity [82]. Here, we demonstrate for the
first time, the incorporation and release of an AmP from a hydrolytically degradable polymer
thin film formulated using LbL assembly. It is well known that factors such as degree of
ionization, molecular weight, and secondary interactions can affect film assembly [51, 52, 83-
85]. Considering this and in attempts to tune antimicrobial delivery properties via nanolayer film
composition, we have examined several different architectures for ponericin G1 film assembly
and explored the effects of varying the alternating polyanion on film growth properties.
2.2 Materials and Methods
2.2.1 Materials
Poly(p-amino ester) 2 (poly 2) was synthesized as previously described [61, 86]
(molecular weight, Mn = 6.7 kDa). Chondroitin sulfate sodium salt was purchased from TCI
International (Tokyo, Japan; Mn estimated using water GPC to be approximately 85 kDa).
Alginate (Mn = 120 - 190 kDa) was purchased from Sigma-Aldrich (St. Louis, MO). Dextran
sulfate sodium salt (Mn = 500 kDa) was purchased from Polysciences (Warrington, PA). Silicon
substrates (test grade, n type) were obtained from Silicon Quest International (Santa Clara, CA).
Ponericin G1 was synthesized by the Massachusetts Institute of Technology Biopolymers Lab
(Cambridge, MA) with amino acid sequence:
GWKDWAKKAGGWLKKKGPGMAKAALKAAMQ [82] and an amidated C-terminus. All
agents were utilized as provided without further purification. Deionized water (18.2 ME, Milli-
Q Ultrapure Water System, Millipore) was used for all washing steps during film construction
and substrate preparation. Sodium acetate buffer (3 M, tissue culture grade) was purchased from
Sigma-Aldrich (St. Louis, MO). Dulbecco's phosphate buffered saline (PBS, 0.1 M) was
purchased from Invitrogen (Carlsbad, CA). Staphylococcus aureus 25923 was purchased from
ATCC (Manassas, VA). Cation-adjusted Mueller Hinton Broth (CaMHB) and Bacto agar were
obtained from BD Biosciences (San Jose, CA). Human umbilical vein endothelial cells
(HUVEC) were obtained from Lonza (Walkersville, MD), while NIH 3T3 embryonic murine
fibroblasts were obtained from ATCC (Manassas, VA). All reagents for HUVEC culture were
obtained from Lonza Clonetics, while reagents for NIH 3T3 culture were obtained from ATCC.
2.2.2 Polyelectrolyte and Peptide Solution Preparation
All polyelectrolyte solutions (poly 2, chondroitin sulfate, alginate, and dextran sulfate)
were prepared at a concentration of 2 milligrams per milliliter (4.6 mM, 4.4 mM, 5.7 mM, and
5.0 mM with respect to poly 2, chondroitin sulfate, alginate, and dextran sulfate repeat unit,
respectively) in 100 mM sodium acetate buffer (pH 5.1), created from 3 M stock. Ponericin G 1
solutions were prepared at a concentration of 1 milligram per milliliter (0.31 mM) in 100 mM
sodium acetate buffer (pH 5.1).
2.2.3 Layer-by-Layer Assembly
All films were assembled on clean silicon substrates. Prior to assembly, 2.0 cm by 0.7
cm substrates were cleaned using methanol and deionized water and dried under nitrogen.
Substrates were plasma etched using air in a Harrick PDC-32G plasma cleaner at high RF level.
Immediately following plasma etching, the substrates were submerged in cationic poly 2
solution. Substrates remained in this solution for at least 15 minutes. A tetralayer repeat
architecture was then assembled on these substrates using a Carl Zeiss HSM programmable slide
stainer. The architecture of the film is denoted as: (poly 2/polyanion/ponericin G1/polyanion),
where n represents the number of deposited tetralayer repeats. The first deposition step was a 10
minute submersion is poly 2, followed by three deionized water rinse steps (10, 20, and 30
seconds each). The substrate was then submerged in the polyanion of choice for the particular
architecture being constructed for 7.5 minutes, followed by three deionized water rinse steps (10,
20, and 30 seconds each). After this the substrate was submerged in a 10 minute deposition step
of the cationic therapeutic, ponericin G1. This was followed by two deionized water rinse steps
(20 and 30 seconds each). Following these three deposition steps, the second step sequence of
polyanion dipping and rinsing was repeated. Together these four deposition steps complete one
tetralayer of the film. For the purposes of this work, n = 75, was found to be a reasonable
number of tetralayers to realize differences between film architectures based on varying
polyanions. The three architectures examined in this work were: (poly 2/alginate/ponericin
G1/alginate)75, (poly 2/chondroitin sulfate/ponericin Gl/chondroitin sulfate)75, and (poly
2/dextran sulfate/ponericin G1/dextran sulfate) 75, which vary only in the choice of polyanion
used during assembly.
2.2.4 Film Growth and Degradation Characterization
The growth of all polymer films was tracked using a surface profilometer (KLA Tencor
P-16). Films were built with a varying numbers of tetralayers and then scored using a sharp
razor. This allowed for step height measurement and construction of film growth curves (five
measurements were made per film and at least four films were examined per tetralayer number).
The film thickness for each particular measurement was taken as an average over a 100 tm
length. The final morphology of the films was also examined using a Dimension 3100 Nanoman
atomic force microscope (Veeco Metrology, Santa Barbara, CA).
Film degradation was tracked by monitoring film thickness during the therapeutic release
study described below. At predetermined times during the degradation, the film thicknesses
were measured using a profilometer. Measurements were taken as described earlier for film
growth.
2.2.5 Therapeutic Release Studies
Upon construction, films were dried under nitrogen and laid flat in a vial containing 500
tL of 0.01 M PBS at pH 7.4, completely submerging the film. These films were then incubated
at 37 "C. At predetermined time points, the films were moved into a fresh 500 pL aliquot of 0.01
M PBS. Each sample therefore represents the release of film components for the duration of
time for which the film was present in a particular PBS containing vial rather than a cumulative
amount released over the entire test period. All release samples were immediately stored in a -20
'C freezer until they were analyzed and the amount of therapeutic quantified.
2.2.6 Therapeutic Quantification
The presence of ponericin GI in each release sample was quantified using the inherent
fluorescent properties of ponericin GI. Ponericin G1 is rich in tryptophan residues; it was found
that excitation of peptide dissolved in PBS at 280 nm leads to a maximum emission at 355 nm.
Fluorescence measurements were made using a Jobin Yvon Fluorolog-3 spectrofluorometer
(HORIBA Scientific) and a Spectrosil quartz cuvette (315 tL volume, 3 mm path length; Starna
Cells, Atascadero, CA). A calibration curve of ponericin G1 emission at 355 nm was
constructed using known quantities of ponericin GI dissolved in 0.01 M PBS, which was linear
in the range of 2 - 62 ptg/mL (R2 = 0.9984). Release samples were then examined using the
same technique. Comparing emission values of release samples to the calibration curve of
peptide standards, the quantity of ponericin G1 in each release sample was calculated. It was
found that the other components present in the release samples (polyanions and poly 2
degradation products) did not interfere with fluorometer readings at relevant concentrations (data
not shown). All measurements were made in triplicate.
2.2.7 Bacterial Growth Inhibition Assays
Activity of the film release solutions against Staphylococcus aureus 25923 was also
investigated. This particular strain was selected based on the recommendations of the Clinical
and Laboratory Standards Institute [87]. The activity of film-released ponericin G1 and native
non-film incorporated peptide was tested using a modified microdilution assay modeled after a
similar technique reported by the Clinical and Laboratory Standards Institute [87]. For film
release solution, films were allowed to soak in 1 mL of 0.01 M PBS for a duration long enough
to release the entire contents of the film; film release was monitored using fluorometer
measurements as described earlier. A serial dilution of release solution as well as a control
solution of native peptide dissolved in 0.01 M PBS (after passing solutions through 0.2 gm
sterile filters) with CaMHB was performed, to make a total of 8 dilutions of the peptide solutions
in a 96-well polystyrene tissue culture plate. S. aureus in its exponential growth phase (3 to 4
hours following inoculation) was added to each of these dilutions at a final concentration of 105
CFU/mL (bacteria concentration was assessed with optical density measurements at 600 nm
using an HP Agilent UV-Vis Spectrophotometer). Negative controls used 0.01 M PBS with no
peptide and serial dilution in CaMHB with no final bacterial challenge. Positive controls were
made similarly with bacterial challenge. All measurements were made in triplicate. The 96 well
plates containing the test samples, negative, and positive controls were incubated at 37 "C with
gentle agitation for 16-18 hours. Following this, a Biotek PowerWave XPS plate reader was
used to monitor the optical density of the wells at 600 nm, corresponding directly to the cell
density. A normalized bacteria density was computed for all test samples with the appropriate
negative and positive controls using the following equation:
Normalized Bacteria Density = (OD 6 0 0 , sample avg-OD 6 0 0 , negative control avg)(OD6 0 0 , positive control avg -OD 6 0 0 , negative control avg)*
Bacterial inhibition was also assessed using an agar plate assay following the Kirby-
Bauer protocol described by the Clinical and Laboratory Standards Institute [87]. Agar plates
were made from CaMHB and Bacto agar. S. aureus in the exponential growth phase at a
concentration of 108 CFU/mL was evenly applied over the agar surface. LbL films were placed
face down on top of the bacteria coated agar. Negative controls of clean silicon substrates with
no film coating were also placed on the agar. These plates were incubated for 16-18 hours at 37
'C. All films were examined for reduction in bacterial growth as compared to the negative
control, using a Zeiss Axioskop 2 optical microscope with Zeiss AxioVision 3.1.2.1 imaging
software. The digital images were subsequently processed using CellC, an automated image
analysis software which allows determination of bacterial coverage area in each image [87]. A
quantitative comparison of bacteria growth on and surrounding the film to growth on the
uncoated substrate was conducted.
2.2.8 Bacterial Attachment Assay
Bacteria attachment capabilities on the surface of ponericin GI films were examined
using a method adapted from a protocol described by Tiller et al [16]. Films were placed face up
in petri dishes and covered with a suspension of 106 CFU/mL S. aureus and allowed to incubate
at 37 'C for 2 hours. Negative controls of clean silicon substrates with no film coating were also
incubated under bacteria. Following incubation, each substrate was removed from the bacteria
suspension and briefly rinsed in three separate sterile water washes. Each substrate was
subsequently placed face down in an agar plate made of CaMHB and Bacto agar and incubated
for 16-18 hours at 37 'C. All films were examined for bacteria attachment compared to the
negative control using a Zeiss Axioskop 2 optical microscope with Zeiss AxioVision 3.1.2.1
imaging software. The digital images were processed using CellC [88].
2.2.9 Biocompatibility
Films were allowed to erode entirely for approximately 15 days (for alginate and
chondroitin sulfate films) and 25 days (for dextran sulfate films) and elute contents in 1 mL of
the appropriate cell culture media at 37 'C for two important wound healing cell lines, human
umbilical vein endothelial cells and NIH 3T3 fibroblasts. Endothelial cell growth media, EGM-2
completed using supplements and suggested protocol (Lonza Clonetics, Walkersville, MD) was
used in the release of samples intended for HUVEC. Dulbecco's Modified Eagle Medium
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin was used in release
intended for NIH 3T3 fibroblasts. Complete media for each cell line was also incubated for the
same duration of time as the released films with clean bare silicon substrates. Immediately prior
to beginning cell viability testing, ponericin G1, dextran sulfate, chondroitin sulfate, and
alginate, were all dissolved in fresh complete media for each cell line at a final concentration of
25 pg/mL. HUVEC and NIH 3T3 cells were plated at a concentration of 10,000 cells per well in
a 96-well polystyrene tissue culture plate and allowed to incubate at 37 "C and 5% CO 2 in 100
gL of media per well for 24 hours. Media was then aspirated off the cells in each well, and the
test media was added at a 100 pL volume per well. For each cell type, test media included:
media from each of the three film release systems, media incubated with blank substrates
(positive control for the release films), polyanions and ponericin GI (25 pg/mL standards)
dissolved in fresh media, and fresh media (positive control for polyanions and ponericin GI
standards). All test media solutions were passed through a 0.2 gm sterile filter. Negative
controls containing no cells were also incubated with media at the start of the experiment. After
an 18 hour incubation period with test media, an MTT assay (Sigma, St. Louis, MO) was
performed to assess cell viability. MTT solution (10 pL) was added directly to the cells in test
media, and the plate was incubated for 3 hours at 37 "C. Following this, media and MTT
solutions were aspirated from each well and MTT solubilization solution (100 pL) was added to
each well. A Biotek PowerWave XPS plate reader was used to monitor the absorbance of the
wells at 570 nm (directly related to cell viability). Background absorbance of the plate at 690 nm
was subtracted. Normalized cell viability was computed using the following equation:
Normalized Cell Viability (AbS570-690,sample avg -AbS 5 70- 6 9 0 .negative control avg)(AbSs70-690,positive control avg -Abs70-69o,negative control avg)
2.2.10 Statistical Analysis
In all studies reported in this work, four films were examined per specific experimental
condition and the experiment was repeated at least three times. All data is reported as mean ±
standard deviation. For growth profile compilation, five areas of each of the four films were
examined per tetralayer number and experimental repeat. Atomic force micrographs were taken
for three 10 pm by 10 gm areas per each film profiled; three independent films were examined
per polyanion. Bacteria inhibition and attachment experiments processed using CelIC were
conducted in triplicate, with three films examined per polyanion architecture.
2.3 Results and Discussion
2.3.1 Film Architecture and Morphology
Nanolayer assembly of thin films was accomplished using the electrostatic layer-by-layer
approach which consists of alternating deposition of polymers with complementary functional
groups. Multilayer films were generated by alternating an amine-terminated ponericin G1
peptide sequence which exhibits a net positive charge at physiological conditions, a
hydrolytically degradable polycation from a series of poly(p-amino-esters), and an alternating
non-cytotoxic polyanion. An amidated ponericin GI was used to provide an additional positive
charge at the film assembly conditions to assist in the assembly process. Many natural peptides
in the ponericin family are also amine terminated [82]. Figure 2-1 shows the structure of each of
the components used to build the films, a schematic of the LbL process, as well as the film
architecture. Poly 2 has been shown to lead to longer release times and slower degradation rates
in eroding multilayer films than those films composed with the similar poly(p-amino ester), poly
1, reported in previous work [61]; poly 1 has one less methylene group in its backbone. This
slower release rate can be attributed to the increased hydrophobicity of poly 2 [58, 63, 86]. For
these reasons, poly 2 was the focus of this work. In addition, preliminary data on films
constructed using poly 1 (not reported here) led to unstable and rapidly disrupted film
architectures.
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Figure 2-1: Film components, layer-by-layer film assembly, and film architecture. A.) Structure of poly 2,
alginate, chondroitin sulfate, dextran sulfate, and ponericin G1. B.) LbL assembly process. C.) Single
tetralayer of the 75 tetralayer films assembled in this study.
Polyanions in our study were chosen based on high surface charge density and the non-cytotoxic
nature of glycosaminoglycans and polysaccharides. After an initial screening of several
polyanions, chondroitin sulfate, dextran sulfate, and alginate were found to successfully build
films with therapeutic ponericin GI loading and were chosen for further investigation. Initially,
films were constructed with three different film architectures to examine growth potential and
final morphology. Seventy-five tetralayer films were deposited for each of the architectures
examined: (poly 2/alginate/ponericin G1/alginate) 75, (poly 2/dextran sulfate/ponericin
G 1/dextran sulfate)75, and (poly 2/chondroitin sulfate/ponericin G1/chondroitin sulfate)75.
Figure 2-2A shows selected atomic force microscopy images representative of the entire
film area for the seventy-five tetralayer films of all three architectures examined. AFM
measurements gave RMS roughness values of: 26.035 ± 5.130 nm for dextran sulfate films,
69.410 ± 5.277 nm for alginate films, and 84.475 ± 10.978 nm for chondroitin sulfate films. The
dextran sulfate films were noted to have a relatively uniform roughness over the entire film area,
whereas alginate and chondroitin sulfate films have a non-uniform roughness, with large hills
and valleys distributed throughout the films.
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Figure 2-2: Film morphology and growth profiles. A.) Atomic force microscopy images (10 sm by 10 stm; z-
scale = 500 nm. B.) Growth profiles of films based on polyanion used.
When comparing growth mechanisms for each of the three architectures, there are
striking differences, as seen in Figure 2-2B. Film growth was tracked for each of the three
systems at 10 and 15 tetralayers and at every 10 tetralayers following this, to a final value of 75
tetralayers. Dextran sulfate films show linear growth, characteristic of classic polyelectrolyte
LbL systems with low or no interdiffusion of the polyion(s) into the film during the adsorption
step, and typical for films in which high molecular weight or strong polyion charge density have
been used [52, 85]. For both alginate and chondroitin sulfate films there are two phases of linear
growth behavior with increasing number of layers. The following phenomenological equation
describes this behavior:
t = X1 no + -[(X1 + X2)(n - no) - (X1 - X 2) (n - no) 2 + dn].
Appendix A explains how this equation was derived.
Here, t is the thickness of the film, n is the number of tetralayers, no is the number of
tetralayers at which the transition from phase 1 to 2 occurs, X is the slope of the first linear
phase, X2 is the slope of the second linear phase (where X, is less than X 2), and d is a transition
parameter that governs how abruptly or gradually the transition from phase 1 to 2 occurs (d= 0
gives an instantaneous transition at n = no). Assuming d to be zero, the parameters relevant to
this equation were fit to the experimental data shown in Figure 2-2, and are presented in Table 2-
1, for each of the three polyanion systems investigated. In the alginate and chondroitin sulfate
systems, the first linear growth phase exhibited a similar shallow slope (XI) that spans the
deposition up to 25 tetralayers. Dextran sulfate films showed a similar linear growth to the first
linear growth phase of chondroitin and alginate films, and maintains this linear behavior
throughout the tested range of n = 10 to 75 tetralayers. While dextran sulfate films grow with a
continuous slope, both the alginate and chondroitin sulfate films undergo a 6 to 7 times increase
in slope (X2) at growth beyond no = 25 tetralayers.
Table 2-1: Growth and loading parameters based on polyanion used in AmP films.
Growth Parameters Alginate Chondroitin Sulfate Dextran Sulfate
X (nm/tetralayer) 25.00 19.44 22.45
X2 (nm/tetralayer) 172.7 120.6 22.45
no (tetralayers) 25 25 0
Film thickness (nm)a 8100 375 6850± 230 1700 ± 100
Ponericin GI loading (pg/cm 2)a 147.2 6.9 41.0 ± 4.9 20.2 0.3
Ponericin GI density (pg/mm 3)a 200 ± 10 60 8 100 7
aValues correspond to 75 tetralayer films.
This super-linear growth has been previously noted in LbL assembled films [89-91]; it
has been observed in several films utilizing biological polymers such as polysaccharides,
polypeptides, etc [78]. This growth behavior has been attributed to several interesting
phenomena. Super-linear growth is likely to occur when a species that is being used in the LbL
deposition process is easily able to interdiffuse within the underlying film. As the film grows,
the lower layers rearrange due to this interdiffusion behavior. This restructured zone grows as
more layers are deposited, and as it grows larger, it hinders species in the top layers from
penetrating too deeply into the restructured zone. Therefore, the top zone, although undergoing
interdiffusion, approaches a constant thickness and the system displays linear growth with much
thicker increments per adsorption step or bilayer pair [53, 89, 90, 92]. This mechanism is
dependent on several different factors that include the charge density of the polyion, its
molecular weight, and its chemical composition and solubility in the underlying film matrix [52,
53, 78, 85], and is likely to govern the growth profiles seen in the alginate and chondroitin
sulfate cases. A peptide such as ponericin GI can easily diffuse into and out of an LbL
assembled thin film, given its significantly smaller size and charge density in comparison to the
polyelectrolytes involved in film buildup.
At the same time, the dextran sulfate films do not seem to undergo a significant amount
of interdiffusion and show a linear growth profile in the range of what was examined in this
work. The alginate used had a molecular weight of 120-190 kDa, the chondroitin sulfate had a
molecular weight of approximately 85 kDa, and the dextran sulfate had a much larger molecular
weight of 500 kDa. As seen in Figure 2-1, both dextran sulfate and chondroitin sulfate are
negatively charged due to the presence of sulfate groups in each of these polyanions, while
alginate is negatively charged due to carboxylic acid groups. The linear growth seen in the case
of the dextran sulfate film is attributed in part to the significantly higher molecular weight of
dextran sulfate compared to the other polyanions investigated, as high molecular weight species
undergo a much slower diffusion process that can eliminate interdiffusion observed during the
time frame of the adsorption cycle [85]. There may be additional factors that impact the linear
growth behavior of dextran sulfate in these systems as compared to chondroitin sulfate and
alginate, including relative affinity of the macromolecules for the poly 2 or ponericin GI
components of the film.
2.3.2 Ponericin GJ Loading, Release, and Film Degradation
After determining that all of the films grew successfully, the release characteristics and
hence the incorporation of ponericin GI was studied. Figure 2-3 shows results of ponericin G1
quantification in film drug release samples incubated at 37 "C in phosphate buffered saline.
Ponericin G1 was successfully incorporated and released from all three film constructs. The data
for each film architecture, as presented in Figure 2-3B, were normalized to the total ponericin G1
released for that particular architecture. Examining the normalized release, it can be seen that
chondroitin sulfate and alginate films have similar release profiles. This starts with a large
release of 62 and 65% of the total therapeutic in approximately 24 hours, for chondroitin sulfate
and alginate films, respectively. Meanwhile, films that contain dextran sulfate tend toward a
linear release profile, particularly after the first several hours, taking nearly 4 days to release
60% of the film contents. All three film architectures continue to release some amount of
therapeutic for up to 10 days.
A.)"E m B.): 1.2
0 1.0
0120.
OC 0.8
- 80- fl 0.60 0
8006
-- 0.4 U
40 A A
o AA =0.2
CLE U .E
o. b- .0 _ _ _ _ _ _
.. . 10 . . .. . .... . . . . . ... . . . .
12 0 2 4 6 8 10 12 Z 0 2 4 6 8 10 12
Time (days) Time (days)
C.) .8
0 Alginate
o.6 M Dextran SulfateA Chondroitin Sulfate
0.4C
0
M 0.2-
E
0 0.0.
Z 0.0 0.5 1.0 1.5
Time (days)
Figure 2-3: Ponericin G1 release versus time for 75 tetralayer films. A.) Total ponericin G1 released over
time based on polyanion used in film. B.) Normalized ponericin G1 release profiles based on polyanion used
in film. C.) Normalized ponericin G1 release over first 30 hours.
The thicknesses of the alginate, chondroitin sulfate, and dextran sulfate films were 8100
375 nm, 6850 ± 230 nm, and 1700 ± 100 nm, respectively. Although the chondroitin sulfate
films have a similar thickness and growth profile to the alginate films, they incorporated much
less ponericin GI. Dextran sulfate films also incorporated significantly less ponericin GI than
both of the other film systems, which can be attributed in part to a linear growth profile and
limited interdiffusion of peptide into the film as discussed earlier, leading to thinner films, and
thus less total ponericin GI incorporation for the same number of tetralayers. On examining the
drug loading per film volume as shown in Table 2-1, it is evident that less ponericin G 1 is loaded
per volume of film deposited for dextran sulfate and chondroitin sulfate films compared to
alginate films. At the same time, more ponericin GI is loaded per unit film volume for the
dextran sulfate system than for chondroitin sulfate. These observations suggest that in general
ponericin G1 may interact more favorably with carboxylic acid groups (as in alginate) than with
sulfate groups present in both dextran and chondroitin containing films, thus drawing larger
quantities of ponericin GI into the film during its adsorption step. In general, interdiffusing
systems are much thicker, and therefore there is larger overall drug loading for the alginate and
chondroitin systems; however, chondroitin sulfate films, which grow similarly to the alginate
films, incorporate less ponericin GI per film volume than dextran sulfate films. This indicates
that the primary factor in determining increased ponericin G1 loading in alginate films is not the
super-linear growth mechanism, but rather the specific interactions between ponericin GI and
alginate. It has been shown that amino acid residues are capable of forming hydrogen bond
interactions with glycosaminoglycans which contain carboxylic acid functional groups [93]. It is
therefore possible that carboxylic acid groups are able to participate in hydrogen bonding
interactions that are abundant in the case of alginate, but limited in fully sulfonated molecules
such as dextran sulfate It also appears that the linearly growing dextran sulfate film has a high
density of ponericin G1, although it grows linearly and is thus thinner at the same number of
tetralayers. The super-linear growth builds thicker films faster, but leads to lower overall
concentrations of ponericin G1 in the chondroitin sulfate film, suggesting that much of the
tetralayer composition is polymer for this case. This variation in AmP release with choice of
polyanion suggests that extending the release of these systems and capitalizing on their loading
characteristics can lead to highly controlled release and effective films.
While drug loading appears to be related primarily to the particular interactions between
film components, the varying release profiles seem to be strongly related to the film growth
properties, which lead to linear versus super-linear growth as discussed earlier. Films with
super-linear growth, lead to a large release of ponericin G1 in a short duration of time early in
the release process. This can be attributed to the fact that during super-linear growth, most of the
peptide localizes near the top of the film due to the nature of interdiffusion, causing greater
accumulation of the diffusing species in the final layers of the film. There is a large diffusion
based driving force for this drug to leave the film when placed in a phosphate buffer solution
containing no peptide at a pH of 7.4. Figure 2-4 shows the degradation profiles for each of the
films.
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Figure 2-4: Normalized film thickness versus time of films starting at 75 tetralayers.
For the two film systems exhibiting super-linear growth, the large efflux of peptide from the top
layers destabilizes the film and a large bulk of the film thickness is also lost during this time.
Approximately 85% of the alginate film thickness and 95% of chondroitin sulfate film thickness
is lost in the first 24 hours. The thicknesses of the remaining alginate and chondroitin sulfate
films decrease linearly with 2% and 1% of the original film thickness left at 10 days, the point at
which all film systems have completely finished releasing peptide. This film degradation profile
is similar to the drug release profile, which becomes more linear after the top portion of the film
is shed early on due to film destabilization. In the case of the dextran sulfate film, 49% of the
film thickness is lost in the first 4 days; this corresponds well with the 3.5 day period it takes for
the dextran films to release 50% of the incorporated ponericin G1. Notably, at 10 days, nearly
25% of the dextran film thickness remains, although almost all of the peptide has been released.
This finding likely suggests that there may be some outward diffusion of peptide in this system
that occurs during the assembly or the release process. The rapid release of ponericin G1 could
be further exacerbated by the nature of interdiffusing multilayer thin films, for which
rearrangement during film assembly may lead to layers void of ponericin GI at the base of the
film and an enrichment of the interdiffusing species, such as AmP, at the top of the film. This is
a phenomenon which has previously been noted in interdiffusing LbL films [91].
In dealing with infections, the initial burst release that is seen with the chondroitin sulfate
and alginate films is highly desirable. This large bolus of drug released in a short timescale
could be used to rapidly eradicate any bacteria that are present. The smaller doses that follow
may help eliminate any residual bacteria. In cases where a more sustained and regular release of
drug is needed, the dextran sulfate configuration appears more desirable, particularly if applied
with sufficient numbers of tetralayers. There are a wide range of infection treatment needs [66],
and therefore, having the range of control over AmP loading and release that is demonstrated in
this paper is a valuable asset.
2.3.3 Bacterial Growth Inhibition
We have examined the alginate containing film, which showed the highest drug loading,
for efficacy in Staphylococcus aureus growth inhibition, using a liquid microdilution assay. S.
aureus was chosen as a Gram-positive strain of bacteria that is a common source of infection.
By examining a standard sample of non-film incorporated ponericin GI and comparing it with
bacterial inhibition activity of cumulative alginate film release solution, the effects of the LbL
assembly technique and release process on the peptide were examined. Figure 2-5 shows a
comparison of the normalized bacterial inhibition of film released ponericin GI and the amine-
terminated native ponericin G1 against S. aureus. Figure 2-5A shows the response of a ponericin
G1 standard against S. aureus. The minimum inhibitory concentration (MIC) of amine-
terminated ponericin GI is in the range of 11-22 gg/mL. Figure 2-5B shows that film released
ponericin G1 over a span of the 10 day release time from alginate films exhibits an MIC in the
range of 15-30 pg/mL, overlapping with the MIC of native ponericin Gl. Therefore, film-
released ponericin G1 retains comparable activity against S. aureus compared to the native
peptide. Dextran sulfate and chondroitin sulfate containing films did not show a marked
bacterial inhibition with this same microdilution assay due to their lower loading and release
capacity as compared to the alginate films. However, in incorporating similar antimicrobial
peptides with lower MICs against S. aureus, bacterial inhibition is expected to be noted for these
films also. Furthermore, the loading of the current films can be increased by increasing the
number of layers and thus, the thickness of the films.
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Figure 2-5: Normalized bacteria inhibition versus ponericin G1 concentration. A.) Inhibition of S. aureus
growth by a standard of non-film-released ponericin G1. B.) Inhibition of S. aureus growth by (poly
2/alginate/ponericin G1/alginate) 75 film release solution.
We also explored the efficacy of each of the three film constructs against S. aureus
growth on agar plates. The agar surface was evenly coated with bacteria and the films and
controls (uncoated substrates) were placed on this surface. Figure 2-6B-D shows optical
microscopy images of the film-agar interface, while Figure 2-6A shows the uncoated substrate-
agar interface (negative control). Examining Figure 2-6B for the alginate film, there are no
discernable bacteria present and only the small irregularities in the film surface can be seen. In
the case of the alginate film, a small inhibition zone surrounding the film (approximately 0.2 cm
wide) was also observed; this zone was mostly void of bacteria, characteristic of a leaching
antimicrobial system. No clear zone of inhibition was seen surrounding the chondroitin sulfate
and dextran sulfate containing films, most likely due to their lower ponericin GI loading.
Figure 2-6: S. aureus growth inhibition assay for all film constructs and control. A.) Uncoated silicon control.
B.) (Poly 2/alginate/ponericin G1/alginate)75 film. C.) (Poly 2/chondroitin sulfate/ponericin G1/chondroitin
sulfate)75 film. D.) (Poly 2/dextran sulfate/ponericin G1/dextran sulfate) 75 film. Scale bar = 200 pm.
For the case of the alginate system, 100% of the bacteria growth was inhibited, as
expected from the results shown in Figure 2-5. The agar assay was also able to capture a
decrease in bacteria compared to the negative control for the chondroitin sulfate and dextran
sulfate films seen in Figure 2-6C and 2-6D, comparing to Figure 2-6A. The micrograph of the
control slide shows large bacteria colonies with very little bare silicon substrate exposed. Digital
image analysis showed that the area covered by bacteria colonies for the chondroitin sulfate film
treated agar (Figure 2-6C) was 61.5 + 3.9% less than the area covered by bacteria colonies in the
negative control. The dextran sulfate film treated agar (Figure 2-6D) was also found to
significantly reduce S. aureus growth, with a colony coverage area of 86.8 ± 2.0% less than the
negative control. It is noteworthy that although overall ponericin GI loading in dextran sulfate
films was less than loading in chondroitin sulfate films, there was greater inhibition of S. aureus
growth for the dextran sulfate films. It has previously been established that large
biomacromolecules are able to complex with AmPs, reducing antibacterial properties of the
peptide [94]. The reduced inhibition of S. aureus growth in chondroitin sulfate versus dextran
sulfate films is likely also due to a potential complexation of chondroitin sulfate with ponericin
G1 which may lower overall ponericin G1 activity.
2.3.4 Bacterial Attachment
To examine the efficacy of these films in preventing biofilm formation, the inhibition of
S. aureus attachment on substrates coated with film versus negative controls (uncoated
substrates) was assessed. All samples were placed in bacteria-media solutions for a
predetermined time and subsequently placed on agar plates and allowed to incubate. Figure 2-
7B-D shows optical microscopy images of the film-agar interface, while Figure 2-7A shows the
negative control which is almost completely covered by S. aureus. Figure 2-7B is completely
void of bacteria, showing 100% inhibition of S. aureus attachment on substrates coated with
alginate films. Figure 2-7C and 2-7D are representative images which demonstrate that
chondroitin sulfate and dextran sulfate films inhibit bacteria attachment by 80.6 + 2.7% and 58.9
± 2.3% compared to an uncoated substrate. Bacteria attachment is the first necessary step of
biofilm formation. By coating surfaces with these ponericin G1 films, we can significantly
inhibit S. aureus attachment, and therefore have the potential to prevent biofilm development.
Figure 2-7: S. aureus attachment assay for all film constructs and control. A.) Uncoated silicon control. B.)
(Poly 2/alginate/ponericin Gl/alginate)75 film. C.) (Poly 2/chondroitin sulfate/ponericin Gi/ chondroitin
sulfate)75 film. D.) (Poly 2/dextran sulfate/ponericin G1/dextran sulfate)75 film. Scale bar = 200 stm.
2.3.5 Film Biocompatibility
Finally, it is most important to ensure that film release media is not toxic to healthy
wound healing cell lines. As model cells, fibroblasts (NIH 3T3 embryonic murine fibroblasts)
and endothelial cells (human umbilical vein endothelial cells) were examined using a standard
MTT assay for cell viability. Cells were exposed to media in which films were allowed to erode
entirely, as well as standards of amine-terminated ponericin GI and polyanions dissolved in
media. It has previously been shown that poly(p-amino esters) are relatively nontoxic to cell
lines such as NIH 3T3; therefore, standards of poly 2 were not directly examined here [61].
Figure 2-8 shows normalized viability of the 3T3 and HUVEC. Figure 2-8A shows cell response
to standards of the polyanions and ponericin G1 dissolved in media at a concentration of 25
ig/mL, while Figure 2-8B shows cell response to film release solutions of media. As expected,
the biologically friendly polyanions do not elicit any marked negative response on either cell
line. However, ponericin G1, at the same tested concentration significantly lowers NIH 3T3
viability. It has been previously suggested that at high concentrations AmPs can prove cytotoxic
[81, 95]. Examining Figure 2-8B, release media from each of the three film architectures did not
demonstrate any cytotoxic behavior. It appears that the presence of the polyanions is actually
beneficial to the health of the cells, particularly in the case of the NIH 3T3 cells, which
responded poorly to the ponericin G1 standard. Previously, AmPs have been found to complex
with biomacromolecules leading to reduction in cytotoxicity against mammalian cells, by
preventing interactions with the membranes of these cells [94]. This may also explain the effect
of the polyanions on cell viability which has been noted in this work.
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Figure 2-8: Normalized cell viability for all film constructs. A.) Viability of cells exposed to media containing
dissolved polyanions or ponericin G1 standards. B.) Viability of cells exposed to release media based on
polyanion used in film architecture.
2.4 Conclusions
A recent rise in antimicrobial resistance as well as the prevalence of biofilm related
implant failure, has lead to an immediate need for novel means of addressing infection. This is
necessary for the treatment of flesh wounds as well as the functionalization of bandages, medical
devices, and implant materials. Because AmPs are not susceptible to resistance and have been
shown to inhibit biofilm formation, they are a natural choice for use in applications such as these.
In this work, we have described the successful incorporation and release of an AmP, ponericin
GI, from hydrolytically degradable LbL assembled thin films. We have demonstrated sustained
release and control over AmP loading in an LbL thin film, which had previously been unattained.
The film composition, in particular the polyanion used, strongly influences the film growth and
degradation properties as well as the incorporation and release properties of ponericin GI. Films
were shown to be effective in inhibiting S. aureus growth, a common cause of infection.
Additionally, film coated substrates inhibited S. aureus attachment, a necessary step in
preventing the formation of biofilms on surfaces. Film release media was also found to be
compatible with important wound healing cells, NIH 3T3 fibroblasts and HUVEC. With the
findings of this paper, we are significantly further along in using such thin film coatings in
medically relevant applications for infection treatment.
Chapter 3
Tunable Vancomycin Releasing Surfaces for
Biomedical Applications
3.1 Introduction
Infection is a major complication in a wide range of medical conditions with prevalent
causes ranging from common hospital procedures to battlefield trauma [3]. Infection can lead to
sepsis, resulting in severe medical device complications, amputations, and even death [96]. The
systemic overuse of broad-spectrum antibiotics has led to a great rise in multi-drug resistant
bacteria [6]. Prevalence of drug-resistant infections is of grave concern in the face of a slowed
discovery, development, and approval of new classes of antibiotics [6, 65]. Although treatments
are being explored with novel antimicrobials such as natural and synthetic antimicrobial peptides
[97, 98] that may address issues such as systemic toxicity, the fact remains that at this time, few
agents are able to compete in efficacy with currently used antibiotics. With a dearth of
potentially effective therapeutics for infection treatment, there is an immediate need for
controlling the spread of these virulent drug-resistant bacteria. For this, we must engineer novel
methods for controlled local delivery of existing and highly effective antibiotics, which both
decreases opportunities for the development of resistance and decreases drug toxicity. Here, we
report the design of such systems for the local delivery of a well known glycopeptide antibiotic,
vancomycin hydrochloride. Vancomycin was the specific focus of this work as it is highly
effective against many Gram-positive bacteria; it is also a preferred treatment in battlefield
medicine and a first line of defense against resistant forms of Staphylococcus aureus (S. aureus)
such as methicillin-resistant S. aureus [99], which has become a hospital epidemic [65]. The
rates of vancomycin resistant S. aureus occurrence are still low [99], and therefore, developing
delivery methods that prevent the formation and spread of such resistant strains is highly
desirable.
Local antimicrobial delivery has been examined for numerous applications including
orthopedic devices, wound dressings, periodontal devices, and vascular grafts amongst others [8,
100]. Specifically, local delivery of vancomycin has previously been explored in the context of
hydroxyapatite coatings [8], calcium phosphate ceramic coatings [101], biodegradable calcium
alginate wound dressings [9], hydrogels [11], and sol-gels [102, 103]. When developing
antibiotic delivery systems, it is necessary to achieve a variety of release profiles and drug
loadings to address specific medical needs. Eradication of an infection is best addressed by
bolus antibiotic delivery, whereas the prevention of infection requires lower levels of drug
delivery lasting over several days. Combining a bolus release followed by sustained delivery
may be preferred to simultaneously eradicate an existing infection and prevent bacteria re-
colonization. It is of utmost importance that antibiotic concentrations remain above the lowest
antimicrobial concentration at which visible growth of bacteria is inhibited [104]. Prolonged
exposure of bacteria to drug concentrations lower than this minimum inhibitory concentration
(MIC) is implicated as a major cause of drug resistance [6, 8]. To ensure drug concentrations
above the MIC at the site of infection, large drug doses are typically delivered systemically,
often causing toxicity. The ability to engineer coatings for local vancomycin delivery from a
variety of substrates that can achieve a wide range of drug loadings and release profiles while
maintaining concentrations above MIC levels is therefore highly desirable. We have designed
such coatings by creating layer-by-layer (LbL) assembled hydrolytically degradable polymer
multilayer films containing vancomycin.
The aqueous LbL assembly technique takes advantage of complementary interactions
between film components, including electrostatic interactions [22] and hydrogen-bonding [23] to
assemble multilayered films. LbL assembly has been used extensively in drug delivery [42-44,
75], tissue engineering applications [47], sensors, and electrochromics [41] amongst other
applications. Additionally, by taking advantage of dip [22], spray [25, 26], and spin [29] LbL
assembly techniques, these films have been used to coat a wide variety of substrates, including
electrospun materials [27], microfluidic devices [105], cells [49], and microparticles [38].
Compared to other drug delivery methods, such as therapeutic incorporation and release from
hydrogels or incorporation in bulk polymers, LbL assembly of polymer multilayers allows for
encapsulation of temperature and solvent sensitive therapeutics such as proteins [30] and
peptides [13], temporal control over drug release [44], and potential for multi-agent delivery
[64]. We have extensively examined hydrolytically degradable poly(p-amino esters) [61] as the
cationic component of LbL films for various drug delivery applications to achieve erodible films
that release drug with controlled profiles [12, 13, 30, 39, 58, 62, 64, 80].
Herein we demonstrate the direct incorporation and release of vancomycin from a LbL
assembled degradable polymer film, a previously unexplored system. The effects of varying
film architecture and assembly technique (spray versus dip LbL assembly) on vancomycin
loading and release are thoroughly examined. We find that certain architectures and assembly
techniques best promote the formation of interactions between film components, which are found
to be critical for direct incorporation of a small, weakly charged molecule, such as vancomycin
in an LbL construct. We take advantage of both these electrostatic and other secondary
interactions to design coatings with a wide range of release profiles and drug loadings that are
highly applicable to various medical applications. Additionally, we study the antimicrobial
capabilities of these films and their long term storage stability.
3.2 Materials and Methods
3.2.1 Materials
Poly 2 was synthesized as previously described [61, 86, 106] (molecular weight, M" =
6.7 kDa). All chemicals and reagents were used as purchased without further purification.
Alginate (M = 120-190 kDa), poly(sodium 4-styrene-sulfonate) (SPS, M, = 70 kDa),
poly(acrylic acid) (PAA, Mn = 100 kDa), and vancomycin hydrochloride from Streptomyces
orientalis (biotechnology performance certified) were purchased from Sigma-Aldrich (St. Louis,
MO). Chondroitin sulfate sodium salt (M, = 85 kDa) was purchased from TCI International
(Tokyo, Japan). Dextran sulfate sodium salt (M = 500 kDa), linear polyethyleneimine (LPEI,
Mn = 25 kDa), and branched polyethyleneimine (BPEI, Mn = 50-100 kDa) were purchased from
Polysciences (Warrington, PA). Silicon substrates (test grade, n type) for film deposition were
obtained from Silicon Quest International (Santa Clara, CA). Latex-free absorbent sterile pad
bandage substrates were obtained from RiteAid Pharmacy (Harrisburg, PA). Sodium acetate
buffer (3 M, tissue culture grade) was purchased from Sigma-Aldrich (St. Louis, MO).
Dulbecco's phosphate buffered saline (PBS, 0.1 M) was purchased from Invitrogen (Carlsbad,
CA). Deionized water (18.2 MG, Milli-Q Ultrapure Water System, Millipore) was utilized
throughout all experiments. For bacteria growth inhibition tests, S. aureus 25923 was obtained
from ATCC (Manassas, VA). Cation-adjusted Mueller Hinton broth (CaMHB) and Bacto agar
were obtained from BD Biosciences (San Jose, CA). Vancomycin hydrochloride susceptibility
test discs were obtained from BD Biosciences (Sparks, MD). For biocompatibility tests, NIH
3T3 cells and reagents for cell culture were obtained from ATCC (Manassas, VA).
3.2.2 Polyelectrolyte-Drug Interaction Studies
Specific drug-polyelectrolyte interactions were evaluated using high performance liquid
chromatography (HPLC). Mixtures of known vancomycin and polyanion (dextran sulfate,
chondroitin sulfate, and alginate) concentrations ranging from 5-500 ptg/mL were evaluated
chromatographically compared to pure vancomycin and pure polyanion standards. Mixtures
were formulated at pH 7.4 in either 0.01 M PBS or 1 M sodium chloride solution. A 70:30 0.01
M PBS:methanol mobile phase at a flow rate of 1 mL/min and 500 tL sample injection volume
was utilized. All solutions were examined using a C18 reversed phase column (Supelco) on a
HPLC (Agilent Technologies, 1100 series) equipped with a fluorescence detector. An excitation
wavelength of 280 nm was used and emission was evaluated at 355 nm, at which vancomycin is
clearly visible. Peak integration and analysis were performed using Agilent ChemStation
software. Retention time of vancomycin in the mixtures was evaluated in comparison to pure
vancomycin solutions as an indication of vancomycin-polyanion interactions.
3.2.3 Film Assembly
Films were assembled on silicon substrates, which were cleaned using deionized water
and methanol rinses and dried under nitrogen prior to assembly. These substrates were then
plasma etched using air in a Harrick PDC-32G plasma cleaner at high RF level for 60 seconds.
Following plasma etching, substrates were immediately submerged in a LPEI solution (10 mM
with respect to repeat unit, pH 4.25) for a minimum of 20 minutes. For dipped LbL assembly,
LPEI and SPS (10 mM with respect to repeat unit, pH 4.75) were used to coat the substrates with
(LPEI/SPS)io bilayers and create stable charged base layers for the subsequent deposition of
vancomycin containing films. The construction of these dipped layers was carried out using a
Carl Zeiss programmable slide stainer with 5 minute alternating deposition steps of LPEI and
SPS with 10, 20, and 30 second deionized water wash steps following each polyelectrolyte
deposition.
Following base layer deposition, drug containing tetralayer architecture films were
constructed with an architecture denoted: (poly 2/polyanion/vancomycin/polyanion).. All
polyelectrolytes, including poly 2, alginate, chondroitin sulfate, and dextran sulfate, as well as
vancomycin were dissolved at a concentration of 2 mg/mL (4.6 mM, 5.7 mM, 4.4 mM, 5.0 mM,
and 1.3 mM respectively) in 0.1 M sodium acetate buffer at pH 5.0. For these films, all wash
steps were carried out in 0.1 M sodium acetate buffer (pH 5,0). Poly 2 was deposited for 10
minutes, followed by three wash steps at 10, 20, and 30 seconds. The polyanion (alginate,
chondroitin sulfate, or dextran sulfate) was then deposited for 7.5 minutes, also followed by 10,
20, and 30 second wash steps. Vancomycin was then deposited for 10 minutes followed by 20
and 30 second wash steps. This was followed by a second polyanion deposition and subsequent
wash steps. These 4 deposition steps were repeated for n tetralayers. For all non-(LPEI/SPS)Io
bilayer dipped films described in this work, polycation and polyanion were deposited for 10 and
7.5 minutes, respectively, with 10, 20, and 30 second wash steps following each deposition.
For spray LbL assembly, LPEI and SPS solutions at the concentrations previously
mentioned were used to spray (LPEI/SPS)Io bilayers on silicon substrates using a programmable
spraying apparatus (Svaya Nanotechnologies). For each bilayer, LPEI was sprayed for 2 seconds
followed by a 3 second deionized water wash spray, followed by a 2 second SPS spray and 3
second wash. Following base layer deposition, tetralayer films of vancomycin were sprayed
upon these charged surfaces. For each tetralayer, poly 2, the polyanion, and vancomycin were
sprayed for 2 seconds each with 3 second wash steps (0.1 M sodium acetate buffer, pH 5.0)
between each deposition step. Each spray step had a flow rate of approximately 0.25 mL/s.
Dipped and sprayed films were dried under nitrogen and stored at 2-8 "C before use in
subsequent experiments.
3.2.4 Bandage Coating
A commercially available absorbent bandage was spray coated with (poly
2/alginate/vancomycin/alginate) 60 using the spray LbL procedure described earlier. The bandage
was plasma etched and subsequently soaked in LPEI solution at the conditions described earlier
prior to film deposition. A 50 psi vacuum was applied to the back of the bandage during the
spray deposition process to assist in complete bandage coating. Following deposition, a gentle
vacuum was used to dry the bandage before subsequent experiments.
3.2.5 Film Growth and Morphology Characterization
The thickness of bilayer films was monitored using a spectroscopic ellipsometer (J.A.
Woollam Co., Inc. M-2000D). Growth of vancomycin tetralayer films was tracked using a
surface profilometer (KLA Tencor P-16). Films were scored with a razor and tracked over a 700
pm scan length to measure film thickness. Final film morphologies were examined using a
Dimension 3100 atomic force microscope with Nanoscope 5 controller (Veeco Metrology).
Tapping mode AFM was used to monitor film topology over 10 pm by 10 pm areas. Root mean
squared roughness values were obtained using Nanoscope Analysis 1.10 software (Veeco). Film
cross-sections were examined using a field emission scanning electron microscope (JEOL JSM-
6700F). Additionally, bandage coatings were examined by scanning electron microscopy (JEOL
JSM-6060).
3.2.6 Drug Release
Vancomycin release experiments were conducted by submerging film coated substrates
in 500 pL of 0.01 M PBS at pH 7.4 and 37 "C. At predetermined times the films were removed
from the current elution buffer and added to a fresh PBS aliquot; the previous aliquot was frozen
at -20 "C. Each drug release sample was evaluated via HPLC with a fluorescence detector, using
the column, solvent, and protocol discussed earlier.
3.2.7 Bacterial Growth Inhibition
Inhibition of S. aureus 25923 growth by a vancomycin film coated bandage and film
release samples was monitored using both a modified Kirby-Bauer and microdilution assay [13,
87]. This particular strain of S. aureus was chosen based on recommendations by the Clinical
and Laboratory Standards Institute [87]. In all Kirby-Bauer assays, agar plates were formulated
from CaMHB and Bacto Agar. These agar plates were evenly coated with S. aureus in its
exponential growth phase at a concentration of 108 CFU/mL. Immediately after coating the agar,
a bandage coated with the LbL drug architecture of choice was placed on the substrate, along
with an LPEI coated bandage negative control, and a 30 pg vancomycin susceptibility disc
positive control. Following 18 hours of incubation at 37 "C, agar plates were digitally imaged
and zones of inhibition were measured.
For microdilution assays, release samples were taken as previously described for
vancomycin films. Assays were conducted in 96 well clear bottom plates. Release samples in
0.01 M PBS were added in triplicate to the plate and diluted with an equal volume of 2x
concentrated CaMHB, reducing the effective concentration to lx. These samples were
subsequently serial diluted in 1x CaMHB. Similarly, pure 0.01 M PBS containing no
vancomycin was also diluted. S. aureus in its exponential growth phase was isolated and added
to diluted release samples at a final concentration of 105 CFU/mL, along with positive controls of
plain PBS. Negative controls of PBS did not contain any bacteria. Controls of non-film released
vancomycin were also examined in a similar manner. These plates were incubated at 37 "C for
18 hours. Following incubation, the optical density at 600 nm of all wells was examined using a
BioTek PowerWave XS plate reader. Normalized bacteria inhibition was calculated as follows:
Normalized Bacteria Inhibition = (OD600,positive controi-OD6oo,sample)(OD6 00 ,positive control -OD600,negative control
3.2.8 Biocompatibility
Film biocompatibility was quantified by examining cell viability of NIH 3T3 embryonic
murine fibroblasts upon exposure to film eluent, pure vancomycin, and pure polyanion samples.
Cells were seeded at 10,000 cells per well in a 96 well polystyrene tissue culture plate and
incubated at 37 "C and 5% CO 2 in 100 pL of media for 24 hours. Dipped and sprayed films for
each of the three polyanion architectures explored were allowed to completely elute in culture
media at 37 "C. Non-film eluted alginate, chondroitin sulfate, dextran sulfate, and vancomycin
were also allowed to incubate in culture media at concentrations of 2 mg/mL (and 0.25 mg/mL
for alginate which was insoluble in media at greater concentrations) for the same length of time
as the films. All samples were filtered through 0.2 pm filters, and the cell culture media was
replaced with 100 pL of this test media in the growing cells. Positive controls were cells
cultured in untreated media, while negative controls contained no cells and untreated media.
After 18 hours of exposure to the test media, a standard MTT assay (Sigma-Aldrich, St. Louis,
MO) was performed and cell viability was established following 3 hours of incubation with MTT
solution. A BioTek PowerWave XS plate reader was used to detect the absorbance of the wells
at 570 nm (proportional to cell viability). Absorbance at 690 nm was subtracted as background
and cell viability was calculated as follows:
(AbS570-690,sample-AbSs70-690,negative control)Normalized Cell Viability = (Abss70-690,positive control-Abs570-69o,negative control)
3.2.9 Long Term Storage Stability
A representative dipped film architecture, (poly 2/dextran sulfate/vancomycin/dextran
sulfate)60, was used to explore the long term storage stability of vancomycin in these multilayer
films. Films were prepared as described earlier and stored dry at three different conditions: 4 0C,
25 0C, and 37 'C. Films at 4 and 25 'C were stored up to 6 months, and those at 37 'C were
stored for up to 1 month. Following storage, films were released in 0.01 M PBS at 37 'C and
release was quantified via HPLC as described earlier. Some of these stored films were also
allowed to release completely into a 1 mL aliquot of 0.01 M PBS. Part of this sample was used
for quantification of the total drug loading and the remaining was used to determine the MIC of
the vancomycin in the sample against S. aureus in a microdilution assay as described earlier.
3.2.10 Statistical Analysis
All experiments reported in this work were conducted in triplicate at minimum. Data is
reported as mean ± standard deviation. Film thickness measurements were taken at five different
locations for each of the films examined per experimental repeat. Film morphology (AFM and
SEM) was characterized at 3 different locations for each of the films examined per experimental
repeat.
3.3 Results and Discussion
3.3.1 Choice of Film Architecture
Polymer films containing vancomycin were assembled using the electrostatic LbL
assembly method, in which films are constructed by alternate deposition of polymers and
molecules of opposite charge. Figure 3-1 shows a schematic of the LbL process and the
structure of all agents examined in this study. Poly 2, a polyelectrolyte from the poly(p-amino
ester) series of polycations [61, 86, 106], was incorporated into all architectures, rendering the
films hydrolytically degradable. Vancomycin is also cationic at the deposition conditions of this
study, with a net charge of positive 1 [107]. To electrostatically layer films with the cationic
poly 2 and vancomycin, a counter polyanion was required; we chose to use biological polymers,
including dextran sulfate, chondroitin sulfate, and alginate.
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Figure 3-1: Film assembly and components. A.) LbL assembly schematic (dipped and sprayed assembly);
tetralayer film architecture. B.) Film component structures (cations highlighted in green and purple, anions
in red).
It is well understood that aside from electrostatic interactions, other secondary
interactions such as hydrogen bonding, hydrophobic interactions, and dispersion forces between
film components play an important role in film assembly [84, 108-111]. The use of HPLC as a
tool to study molecular interactions has also been well established [112]. To elucidate secondary
interactions that may exist between vancomycin and the polyanions being explored, solutions of
vancomycin combined with each of these polyanions were formulated at pH 7.4 in 0.01 M PBS
and examined with HPLC. Vancomycin's isoelectric point is reported to exist between pH 7.2
[113] and 8.3 [114], and therefore the pH of these mixtures was intentionally chosen to lie in this
range to specifically consider non-electrostatic interactions. As shown in Figure 3-2A-C, for
mixtures containing vancomycin and dextran sulfate, chondroitin sulfate, and alginate,
respectively, the retention time of vancomycin shifted approximately 2 minutes from 6.5 minutes
for pure vancomycin to 8.6 minutes for all mixtures, as measured using a fluorescence detector.
This retention time shift is indicative of an interaction between vancomycin and these polyanions
[112]. The interaction was visible in dilute solutions with equal vancomycin and polyanion
concentrations (as low as 5 pg/mL). At these concentrations, only vancomycin fluorescence is
detected with the excitation and emission wavelengths used; the polyanions cannot be detected.
To further elucidate the nature of the particular interaction observed between vancomycin and
the polyanions and due to the wide range of the reported vancomycin isoelectric point, it was
necessary to determine whether the interaction could be electrostatically driven aggregation.
These same vancomycin-polyanion mixtures were formulated in a 100 times more concentrated
salt solution of 1 M sodium chloride at pH 7.4 and examined via HPLC. If the interaction was
entirely electrostatic, charge shielding in this higher salt concentration would be expected to
disrupt the interaction, and no shift in retention time would be observed. As seen in Figure 3-
2D-F, the interaction between vancomycin and the polyanions was not disrupted in this increased
salinity, providing further evidence for the existence of non-electrostatic interactions between
vancomycin and these polyanions. Additionally, it should be noted that peak areas remained
consistent for mixtures of vancomycin and the polyanions compared to pure vancomycin
solution in the HPLC chromatograms obtained.
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Figure 3-2: Drug-polyelectrolyte interaction studied via HPLC. The dashed red traces in A-C represent pure
5 pg/mL vancomycin solution at pH 7.4 in 0.01 M PBS. The dashed red traces in D-F represent pure 5 pg/mL
vancomycin solution at pH 7.4 in 1 M NaCl. The solid traces represent mixtures containing 5 pLg/mL
vancomycin and 5 pg/mL polyelectrolyte. A.) Vancomycin-dextran sulfate mixture, pH 7.4, 0.01 M PBS. B.)
Vancomycin-chondroitin sulfate mixture, pH 7.4, 0.01 M PBS. C.) Vancomycin-alginate mixture, pH 7.4,
0.01 M PBS. D.) Vancomycin-dextran sulfate mixture, pH 7.4, 1 M NaCl. E.) Vancomycin-chondroitin
sulfate mixture, pH 7.4, 1 M NaCl. F.) Vancomycin-alginate mifxture, pH 7.4, 1 M NaCl.
Vancomycin has a complex structure consisting of a seven membered peptide chain
linked to two unique sugar moieties [ 115 ]. The drug is known to dimerize with itself ( 116, 117],
promote protein aggregation [118], act as a Cu 2 chelator [119], and bind to peptides and
polymer surfaces [120]. These phenomena are a result of hydrogen bonding, hydrophobic
interactions, and ionic interactions [121]. Vancomycin dimerization is specifically due to amide-
amide hydrogen bonding between the peptide backbones of two vancomycin molecules [116].
Additionally, vancomycin is known to partition preferentially into the hydrophobic polymer
phase of a two-phase mixture [121], displaying the importance of hydrophobic interactions with
the vancomycin phenolic groups. The secondary interactions encountered in this work are also
likely a result of both hydrogen bonding (with phenolic and amido groups in vancomycin and the
carboxyl and sulfate groups of the polyanions) and hydrophobic interactions between
vancomycin and the polyanions. NMR spectroscopy is currently being employed to further
elucidate the nature of these interactions.
Due to the clear existence of interactions between vancomycin and dextran sulfate,
chondroitin sulfate, and alginate, these three polyanions were selected for use as the counter
polyanions required in multilayer film assembly. It was hypothesized that the secondary
interactions between vancomycin and the polyanions investigated would strongly support and
promote film assembly at conditions beyond what is attainable due only to electrostatic
interaction. Tetralayer film architectures of (poly 2/polyanion/vancomycin/polyanion)60 were
built using both dip and spray LbL assembly. Sixty tetralayers were found to be sufficient to
realize significant differences between film growth and morphology for various film
architectures and deposition conditions.
3.3.2 Film Growth and Morphology
Despite the presence of interactions between vancomycin and all of the polyanions used
in building these films, the film growth characteristics of each of the three film architectures
were found to be quite different. Figure 3-3A-C shows the growth profiles of dip and spray
assembled dextran sulfate, chondroitin sulfate, and alginate containing tetralayer films,
respectively, for which films were built up to 60 tetralayers in each case. Exploring first the dip
assembled films, all three architectures exhibited non-linear growth profiles and large ultimate
thicknesses, both of which are signs of interdiffusion of molecules during assembly. Chondroitin
sulfate and alginate films have similar growth profiles that can best be described as a two-stage
process, with a shallow growth regime up to approximately 15-20 tetralayers, followed by a
rapid increase in slope in the second growth regime lasting through the 60 tetralayer deposition.
For the purpose of this discussion, we have used linear fits to each of these two regions, which
yield R2 fit parameters ranging from 0.94 to 0.99 for these film systems. The change in slope is
most dramatic in the case of alginate, where the linear fit slope of the initial regime has a value
of 5.2 ± 0.5 nm/tetralayer, and that of the second growth regime becomes 80.6 ± 2.6
nm/tetralayer. The chondroitin sulfate growth curve exhibits a change in slope of 12.2 ± 1.2 to
137 ± 11 nm/tetralayer. Super-linear growth profiles such as these have been encountered in
LbL systems where polysaccharides and peptides have been used in assembly, and have become
increasingly observed in the recent past [13, 46, 47]. This type of multilayer growth can be
attributed to the ability of any or all of the components of a particular film architecture to diffuse
within the underlying film [89, 90, 122, 123]. The interdiffusion of film components depends on
several factors, including charge density, molecular weight, ionic strength, and pH [51, 52, 83,
124]. Many of these factors may contribute to the interdiffusion observed in these vancomycin
films, especially the weak charge density of vancomycin and its significantly lower molecular
weight compared to the polyelectrolytes being incorporated. Appendix B shows the effect of
wash step ionic strength on film growth.
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Figure 3-3: Film growth profiles. A.) (Poly 2/dextran sulfate/vancomycin/dextran sulfate),, sprayed and
dipped. B.) (Poly 2/chondroitin sulfate/vancomycin/chondroitin sulfate), sprayed and dipped. C.) (Poly
2/alginate/vancomycin/alginate), sprayed and dipped.
The dextran sulfate film enters an exponential growth regime early in the growth process,
starting at 5 tetralayers, but does not present a second linear growth phase. As in the case of
chondroitin sulfate and alginate, this exponential growth is highly indicative of interdiffusion
between film components. The film grows in this way until it reaches approximately 40
tetralayers at which point the film no longer increases in thickness. Stagnation in film growth
may occur in systems where the surface no longer displays charge reversal upon deposition of
subsequent layers and/or no longer allows for the secondary interactions which assist in film
growth (including changes in surface hydrophobicity). To further explore what leads to lack of
growth for these films, the construction of five bilayers of branched polyethyleneimine and
poly(acrylic acid), at pH 5.1, was attempted on a forty tetralayer dextran sulfate dipped film (the
point at which film growth stagnation is encountered). This bilayer architecture was chosen as a
well established film system which should grow on any charged surface. Following the
attempted bilayer deposition, the assembly of twenty tetralayers of the dextran sulfate dip
architecture was attempted on these films. No increase in film thickness compared to the initial
forty tetralayers was observed. This is a strong indication that the ceasing dextran sulfate film
growth is due to lack of charge reversal at approximately forty tetralayers.
For all architectures examined in this work, sprayed films were found to be significantly
thinner when compared to the same dipped film architectures. Specifically, the sprayed films
were approximately 7, 9, and 1.5 times thinner than the dipped films for dextran sulfate,
chondroitin sulfate, and alginate films, respectively. Final film thicknesses for both the dipped
and sprayed films are summarized in Table 3-1. The differences in growth profiles between the
sprayed and dipped architectures is perhaps most dramatic in the case of dextran sulfate, where
the sprayed film grows linearly with a slope of 7.1 ± 0.2 nm/tetralayer for the 60 tetralayer films
explored in this work. Linear growth is characteristic of polyelectrolyte multilayer films where
there is little or no interdiffusion of species during the growth process. This is typical of films in
which high molecular weight species and/or species with high degrees of ionization are used
[52]. The chondroitin sulfate and alginate films also undergo a striking change in growth profile
in the sprayed films compared to dipped films, with a significantly more linear growth profile
with slope of 7.4 + 0.4 nm/tetralayer and 52 ± 4 nm/tetralayer following the initial deposition of
5 and 10 tetralayers, respectively. In the rapid cycle times presented in the spray process, each
polyelectrolyte and the vancomycin drug is kinetically trapped during the deposition steps, rather
than being able to diffuse into or out from the film as would happen when dipping in dilute
solutions where significantly longer deposition times are required. This data suggests that the
spray LbL process can lead to kinetic inhibition of the super-linear growth processes described
earlier, as evidenced by the linear growth profiles of the sprayed films and the significantly
thinner final film thicknesses, as compared to dipped films. We have also observed this
behavior with other LbL systems using synthetic polymers, which will be reported separately.
The degree of suppression of interdiffusion in the sprayed films was much less significant for the
alginate film. This system is the only one for which the polyanion is a completely carboxylated
carbohydrate and lacks sulfate functionality, and it is possible that it may exhibit lower effective
charge densities at the LbL deposition conditions; this could affect critical factors such as the
diffusion coefficient of the polyanion into the LbL film and thus the adsorption times needed for
interdiffusion. The acid groups may also undergo significant hydrogen bonding compared to the
sulfate groups, and thus the driving force for interdiffusion and exchange within the film may
also be greater, leading to faster rates of transport into the film. The net result is that the spray
and diffusion times in alginate films are of the same magnitude, thus enabling time for
interdiffusion in these films.
Table 3-1: Film morphology and drug loading properties at sixty tetralayers.
Dip Assembly Spray Assembly
Film RMS Drug Film RMS Drug
Thickness Roughness Loading Thickness Roughness Loading
(nm) (nm) (ptg/mm') (m nm) gmm')
Alginate 3660± 200 18.7 2.2 20.8 ±2.0 2520±44 1.78 ±0.26 156 ±21
Chondroitin 5030± 155 9.93 ± 1.09 17.8 ±2.2 532±27 0.839 ±0.180 106 ±10
Sulfate
Dextran 3140 ±243 18.3± 1.4 69.2 ±6.7 443 ±3 0.607 ±0.086 219 ±22
Sulfate
The clear differences between dipped and sprayed films are also evident when examining
final film morphology of 60 tetralayer dipped versus sprayed films. Atomic force microscopy
images reveal that the sprayed films have much lower roughness values compared to the dipped
films as seen in Figure 3-4A and exemplified by the root mean squared roughness values
summarized in Table 3-1. Cross-sectional scanning electron microscope images for each film
architecture were also taken, and the dense internal structure appears very similar for all of the
films explored, with the only clear difference between images being the final thickness of the
films. An example of the cross-sectional SEM images taken for a dipped and sprayed dextran
sulfate film is shown in Figure 3-4B.
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Figure 3-4: Final film morphology. A.) Atomic force microscope images (10 pm x 10 sm) for sprayed and
dipped films of architecture (poly 2/polyanion/vancomycin/polyanion) 60. The maximum z-scale for each of
the polyanions is as follows: dextran sulfate (dipped, zmax = 250 nm; sprayed, zmax = 4 nm), chondroitin sulfate
(dipped, zmax = 150 nm; sprayed, zmax = 7 nm), and alginate (dipped, zmax = 200 nm; sprayed, zmax = 15 nm).
B.) Scanning electron microscope cross-section images for (poly 2/dextran sulfate/vancomycin/dextran
sulfate)60 dipped and sprayed films (scale bar = 1 sm).
3.3.3 Drug Incorporation and Release
After examining film growth properties, the vancomycin release profile for each 60
tetralayer architecture was determined. Films were released in physiologic conditions in 37 "C at
pH 7.4 (0.01 M PBS). Periodically, film eluent was removed and the phosphate buffer bath was
completely refreshed. This eluent was examined using HPLC with a fluorescence detector to
quantify the vancomycin released. The results from vancomycin release quantification can be
seen in Figure 3-5A-B for both dipped and sprayed films. Figure 3-5C-D shows normalized
release data. Appendix B shows the effect of wash step ionic strength on drug release profiles.
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Figure 3-5: Vancomycin release from (poly 2/polyanion/vancomycin/polyanion) 60 films. A.) Total vancomycin
release over time from dipped films. B.) Total vancomycin release over time from sprayed films. C.)
Normalized vancomycin release over time from dipped films. D.) Normalized vancomycin release over time
from sprayed films.
Examining first the dipped architecture release profiles in Figures 3-5A and 3-5C, the dextran
sulfate films appear to have a linear release over approximately 40 hours, particularly following
the first 4 hours of release. During the linear release period, approximately 88% of the
incorporated drug is released. Drug release lasts for a total of 52 hours. Neglecting the first 4
hours of release, the half-life of the remaining vancomycin release is approximately 22 hours.
For a theoretical film which releases drug with a completely linear profile from 0 to 52 hours, the
half life for release is 26 hours, which is comparable to the film developed here. In the case of
both alginate and chondroitin sulfate, there is a bolus release of 88% of the total incorporated
vancomycin in the first 8 hours, with total drug release lasting over approximately 24 hours.
Bolus release is characteristic of films in which a large amount of the released component is
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populating the top layers of the film, which can be the case for films growing with a super-linear
or exponential growth profile [13]. Additionally, it is important to note the conditions in which
film release was conducted, namely body pH, which lies near the vancomycin isoelectric point.
Therefore, vancomycin is close to or completely uncharged at this pH as compared to its positive
charge at the film deposition conditions. The large bolus release that is seen in alginate and
chondroitin sulfate dipped films may be attributed to the difference between film deposition and
release pH and ejection of vancomycin from these films. This phenomenon has been observed in
other LbL systems where polyelectrolytes were ejected due to pH induced charge imbalance and
the requirement for charge neutrality in these multilayer films; the kinetics of the ejection
process are more rapid for lower molecular weight polyelectrolytes [125], and should be rapid
for small molecular species such as vancomycin.
Despite its exponential growth profile and identical release conditions, the dextran sulfate
dipped film maintains a linear release of vancomycin over a longer period of time than the other
polyanion films. It was observed that dextran sulfate dipped film eluent examined via HPLC
frequently displayed a vancomycin peak at 8.6 minutes as seen in Figure 3-6A as compared to 6
minutes for non-film released vancomycin standards. This shift in retention time was not
reproducibly observed in the alginate and chondroitin sulfate film release samples. The peak
shift is analogous to the shift that was observed in HPLC analysis of solutions containing
mixtures of vancomycin and the polyanions at pH 7.4. It appears that this drug-polyelectrolyte
interaction which was observed in solution was maintained in the dipped dextran sulfate films
only. The appearance of this interaction only for dextran sulfate may be attributed to the
differing growth kinetics of these films compared to the other polyanions. The highly
interdiffusing film may allow for vancomycin to appropriately form secondary interactions with
dextran sulfate during film growth in a manner that is not supported during the growth of other
dipped films. Additionally, the fact that there is some level of interdiffusion in dipped alginate
and chondroitin sulfate films (evidenced by their non-linear growth) which is unable to promote
significant vancomycin release stabilization suggests that the dextran sulfate-vancomycin
interaction is stronger than vancomycin's interaction with the other polyanions.
To confirm the hypothesis regarding interaction strengths, construction of bilayer film
architectures of (vancomycin/polyanion) 20 at pH 7.4 was attempted utilizing the same conditions
used in tetralayer film assembly. Construction of tetralayer architecture films was not examined
at this pH due to the rapid degradation of poly 2 that has been reported at pH 7.4 [61]. At these
conditions, the only bilayer film that formed was (vancomycin/dextran sulfate)120 with a film
thickness of 157 ± 16 nm. The lack of film formation for the other polyanions was confirmed
using spectroscopic ellipsometry (data not shown). This finding supports the notion that the
interaction of vancomycin and dextran sulfate is stronger than the interaction of vancomycin
with the other polyanions. Additionally, it should be noted that bilayer film construction at the
original deposition pH of this study (pH 5.0) was also attempted. At these conditions none of the
polyanions were able to build films, as confirmed by spectroscopic ellipsometry (data not
shown). This provides further justification for the need to layer with a polycation such as the
poly(p-amino esters) to promote film growth and allow favorable polymer chain conformations
allowing for the formation of drug-polyelectrolyte interactions. The higher charge density of
these polycations assists in forming the bulk of the film. The high degree of interdiffusion in
dextran sulfate dipped films which promotes secondary interaction formation, and the stronger
interaction of vancomycin with dextran sulfate compared to the other polyanions, contributes to
the more linear and lengthy release profile of vancomycin from dextran sulfate dipped films
compared to other dipped architectures.
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Figure 3-6: Interdiffusion in vancomycin dipped and sprayed films. A.) HPLC spectra of fim release eluent
from a representative dipped (poly 2/dextran sulfate/vancomycin/dextran sulfate)60 film. B.) Vancomycin
release from sprayed film of architecture (poly 2/dextran sulfate/vancomycin/dextran sulfate)120.
Vancomycin release from sprayed films differs greatly compared to release from dipped
films. Specifically, release times for all three polyanions are greatly accelerated. The alginate
and chondroitin sulfate films release approximately 97% and 100% of their vancomycin content
in 4 hours as seen in Figures 3-5B and 3-5D. The dextran sulfate sprayed films release
approximately 60% of the incorporated vancomycin in 4 hours, and continue to release
vancomycin up to 24 hours. The linear growth observed in these sixty tetralayer sprayed films,
indicating low interdiffusion, does not support the formation of secondary interactions which are
critical in stabilizing vancomycin release from these constructs, as witnessed for the dextran
sulfate dipped film. Although the lack of interdiffusion occurring in the case of the sprayed
films may be the primary factor leading to faster drug release, the dextran sulfate sprayed film is
the most stable of the three sprayed architectures examined. The dextran sulfate films released
vancomycin over a longer timescale than the other sprayed architectures, implying that the
dextran sulfate interaction with vancomycin is stronger than the vancomycin interaction with
alginate and chondroitin sulfate, as previously seen with dipped films.
To determine whether interdiffusion could be induced in these sprayed films and prolong
vancomycin release, a 120 tetralayer sprayed dextran sulfate film was assembled. Final film
thickness was found to be 2250 ± 86.3 nm, approximately 2.5 times greater than the thickness
expected if the film continued to grow linearly after depositing the first 60 tetralayers. This non-
linear growth behavior indicates that increasing the number of sprayed layers can eventually lead
to significant film interdiffusion. Examining release from this 120 tetralayer construct, shown in
Figure 3-6B, the film is found to release with a profile similar to a sixty tetralayer dipped dextran
sulfate film. Specifically, 20.0 ± 1.9 tg/cm2 is released over 45 hours, where following 4 hours,
there is a linear release of nearly 70% of the incorporated drug. This increased release linearity
and timescale highly supports the importance of the effect of film interdiffusion on promoting
favorable interactions within the film and stabilizing vancomycin release from LbL constructs.
An important consideration in designing these vancomycin releasing films is the potential
for efficacy against bacterial growth and usefulness in clinical situations. The most important
parameter for assessing effectiveness against bacteria is drug loading and release above the MIC
of vancomycin. Releasing sub-MIC antibiotic concentrations [8] and unnecessary prolonged
exposure [100] to an antibiotic can lead to a rise in drug resistant organisms. All architectures
explored in this work lead to release above MIC values for vancomycin against S. aureus,
namely 0.5-2 pig/mL. The drug loadings and release timescales observed in the films designed in
this study are highly therapeutic. Table 3-1 shows the vancomycin loading density for each of
the dipped and sprayed architectures examined. These drug densities are comparable to other
techniques of drug loading not involving self-assembly and in some cases exceed what is
achievable by other means. In both the sprayed and dipped cases, the dextran sulfate films have
the highest drug density although they are overall the thinnest films. This is likely due to the
strong interaction of vancomycin and dextran sulfate. Interestingly, in all cases sprayed films
have a 3-8 times higher drug density than the dipped films. This can be attributed to the same
phenomena that lead to the sprayed films growing with increased linearity as compared to the
dipped films. There is a much smaller sink and less time for vancomycin to diffuse out of the
growing film during spray assembly. Instead of a large bath in which films are submerged for
significant lengths of time as in dip assembly, the only sink for drug out-diffusion from the film
during spray assembly is the existence of a small boundary layer of solution from each short
spray. Therefore, little vancomycin is lost during non-vancomycin spray steps as compared to
the amount of vancomycin which may be lost during dipped assembly.
3.3.4 Combining Dip and Spray LbL Assembly for Practical Application
The bolus release and large drug loads in the sprayed films assembled in this work are
useful for immediate eradication of bacteria. The longer and more linear release of the dextran
sulfate dipped films is appropriate for preventing infection or re-colonization of a wound. To
create an architecture that has both a large drug release initially followed by a linear release
above the antibiotic MIC, a composite spray and dipped architecture was examined. Dipped
dextran sulfate films were first constructed per the standard protocol. After construction, these
films were used as the substrate for spray LbL of an alginate vancomycin film. The release
profile of the composite film architecture of (poly 2/dextran sulfate/vancomycin/dextran
sulfate) 60, dip + (poly 2/alginate/vancomycin/alginate) 60, spray is seen in Figure 3-7. As expected,
there is a large therapeutic dose of vancomycin released in the first 8 hours from the alginate
sprayed film which comprises the top layers of the composite film and amounts to 50% of the
total drug incorporated. The absolute amount (20.7 ± 4.2 gg/cm 2) released in these first 8 hours
is approximately 50% less than the amount of vancomycin incorporated into an alginate sprayed
film on a treated silicon substrate. This lower incorporation of vancomycin during spraying
upon the dextran sulfate dipped film is likely due to the highly differing nature of this substrate
compared to the substrates the films were typically sprayed on. The rest of the drug releases
linearly with the release leveling off at around 52 hours. There is approximately 20.0 ± 4.8
Ig/cm 2 of drug released during the linear release period, which is comparable to the 21.5 ± 1.5
pg/cm2 vancomycin released from a dextran sulfate dipped film over a similar timescale. This
provides further support to the lack of out-diffusion that occurs during the spray process as no
significant drug is lost during spray LbL on the dipped films. This composite architecture is able
to address both an existing infection via its bolus release and prevent bacteria re-colonization of
a wound over time with above-MIC levels of sustained vancomycin release.
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Figure 3-7: Vancomycin release from composite dip and spray film of architecture: (poly 2/dextran
sulfate/vancomycin/dextran sulfate)6o,d, + (poly 2/alginate/vancomycin/alginate) 60, spray
For sprayed films, the practical applicability to a medically relevant substrate was
investigated. Films were sprayed on commercially available bandages. These drugstore
bandages were not functionalized with any antimicrobials prior to the spray LbL deposition that
was performed. Films were sprayed as previously described and a vacuum was applied to the
back of the substrate at 50 psi to assist in better coating the entire bandage. Prior to spraying the
films, the bandage was soaked in linear polyethyleneimine (LPEI) and dried to create a uniform
positively charged functionality to promote film deposition. Figure 3-8A shows SEM images of
the bandage before and after coating with an alginate film. The thick coating appears to bridge
many of the bandage fibers. Release from these coated bandages was examined; an example for
the case of alginate is shown in Figure 3-8B. As expected, with a higher surface area substrate,
there is a 2 times greater drug loading for the sprayed bandage material compared to a planar
substrate while the release kinetics are similar. Had conformal coating of all bandage fibers been
achieved, drug loading would be expected to be even greater. The rapid release of vancomycin
from this sixty tetralayer sprayed film at concentrations above the drug MIC is applicable to the
direct eradication of an existing infection. To mitigate the burst and obtain a longer release of
drug from these bandages, a sprayed architecture similar to the 120 tetralayer dextran sulfate film
(whose release from a planar substrate was shown previously in Figure 3-6B) would be
appropriate.
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Figure 3-8: Spray coating of a commercial bandage with film architecture (poly 2/alginate/vancomycin/
alginate)60. A,) Aerial view scanning electron microscope images of an uncoated and coated bandage (scale
bar = 100 sm). B.) Total vancomycin release from spray coated bandage.
3.3.5 Film Efficacy
To further examine practical applicability of films, the effect of both sprayed and dipped
films on S. aureus growth was explored. S. aureus in particular was examined due to its
common occurrence in hospital acquired infections. Additionally, vancomycin is active against
S. aureus and resistant S. aureus strains [65]. The effect of a coated bandage along with drug
released from a dipped dextran sulfate film on S. aureus was investigated. For the bandage, a
piece of (poly 2/alginate/vancomycin/alginate) 60 coated bandage was applied to an agar plate
coated with S. aureus. Figure 3-9A shows the results of this assay. A positive control of a
commercially available vancomycin loaded disc (30 pig) and a negative control of an LPEI
soaked bandage were also tested, as seen in Figure 3-9A. There is a clear zone of inhibition
surrounding both the vancomycin positive control and the alginate film coated bandage as
compared to no zone surrounding the negative control. The coated bandage inhibitory zone
diameter is comparable to the 1.8 cm zone diameter of the positive control. Film eluent from
dipped 60 tetralayer dextran sulfate films were also applied to S. aureus suspensions in a liquid
growth inhibition assay. Figure 3-9B shows the response of the bacteria to dilutions of the eluent
from the first 10 hours of film release as well as the response to the drug released in the
remaining time. For both of the eluent samples, the MIC of the released vancomycin was found
to lie between 0.5 to 2 pg/mL. Controls of non-film incorporated vancomycin were also
examined (data not shown) which as expected from reported MIC values of native vancomycin
against S. aureus was found to lie between 0.5 to 2 ptg/mL [87]. The similarity of the MIC
values of film released vancomycin and native vancomycin confirm that the film assembly and
release process do not affect vancomycin activity against its bacterial target.
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Figure 3-9: Staphylococcus aureus growth inhibition. A.) S. aureus growth inhibition by (poly
2/alginate/vancomycin/alginate) 60 coated bandage. Zone of inhibition surrounding coated bandage and
circular 30 ptg vancomycin disc control (diameter of control zone = 1.8 cm); no inhibitory zone surrounding
uncoated bandage. B.) S. aureus growth inhibition by film released eluent from a dipped (poly 2/dextran
sulfate/vancomycin/dextran sulfate)60 film. For release from 0 - 10 hours, dilution 1 contains 7 pg/mL of
vancomycin and subsequent dilutions correspond to 50% reduction in concentration of the previous dilution.
For the remaining release, dilution 1 contains 16 pg/mL vancomycin and subsequent dilutions correspond to
50% reduction in concentration of the previous dilution.
It was necessary to ensure that film eluent was nontoxic to healthy mammalian cells.
Therefore, the response of NIH 3T3 embryonic murine fibroblasts (a representative wound
healing cell line) upon exposure to culture media samples in which vancomycin films were
eluted was examined. Additionally, vancomycin and all polyanions utilized in film architectures
were also dissolved in culture media and incubated with cells in their native non-film released
form. Poly(-amino esters) have previously been shown to have no effect on NIH 3T3 fibroblast
viability [61]; the effect of poly 2 on these cells was therefore not directly examined here. Figure
3-10A shows the normalized viability of cells exposed to film release media for both dipped and
sprayed films. Cell viability is not affected by the film release media as compared to untreated
cell controls. Figure 3-10B shows cell viability in response to non-film incorporated
components, which also do not affect cell viability. Therefore, it was concluded that film
released media is non-toxic to healthy mammalian cells, while maintaining complete efficacy
against S. aureus.
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Figure 3-10: Normalized cell viability for vancomycin films. A.) Viability of cells in response to film release
media for all film architectures. B.) Viability of cells in response to non-film incorporated drug and
polyanions.
3.3.6 Vancomycin Storage Stability in LbL Films for On-Demand Care
To examine the practical use of this LbL vancomycin coating technology, the effects of
long term storage on the drug release kinetics as well as bacteria growth inhibition characteristics
must be assessed. This is especially critical as vancomycin is known to undergo degradation via
asparagine deamidation [126]. Vancomycin is typically administered via intravenous injection
of water, 5% dextrose, or 0.9% sodium chloride solutions [127]. One particular study found that
vancomycin in these intravenous formulations stored in ready to administer syringes lost activity
when stored at 25 'C over 29 to 55 days depending on the solution composition and syringe used
when compared to 4 *C where activity was maintained over at least 84 days [128]. Other studies
have shown that vancomycin in aqueous dextrose solutions stored at 37 'C suffered increasing
degradation starting at only 7 days of storage [129]. It is apparent that ready-to-use formulations
of vancomycin cannot be easily stored for long periods of time in environments were
refrigeration may not be available but rapid use of the drug is desirable. Here, we examined the
storage stability of vancomycin containing LbL films spanning a range of conditions in which
they may commonly be stored, transported, and/or used, namely standard refrigerator
temperature (4 C), room temperature (25 C), and an elevated temperature (37 C) representing
harsher climates which are commonly encountered in emergency medicine [130]. As a
representative film we chose to examine properties of dipped (poly 2/dextran
sulfate/vancomycin/dextran sulfate)60 films only.
Figure 3-11 shows the vancomycin release profiles of films released immediately upon
assembly (0 months storage) and after 3 and 6 months of room temperature storage. The release
profile of a film stored for 6 months at 4 'C is also shown. There is significant overlap in these
release profiles and seemingly no effect on release due to storage at both refrigerator and room
temperature over a minimum of 6 months. Following the first 4 hours, there is a linear release of
vancomycin for 40 hours, with release lasting up to approximately 55 hours for all of the films
tested. A slight variation in final drug release quantity (equal to the total drug loading) in each
stored film is an artifact of the film assembly process.
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Figure 3-11: Vancomycin release profiles upon storage. Profiles shown here correspond to storage for 0
months, 3 months at 25 *C, 6 months at 25 OC, and 6 months at 4 *C.
The MIC of vancomycin against S. aureus released from films stored at room
temperature over 6 months was also assessed to ensure that vancomycin activity was maintained.
Figure 3-12 shows the normalized S. aureus density upon exposure to film-released solution at 0,
3, and 6 months of room temperature storage. As seen in Figure 3-12, all tested film samples
maintained MIC values between 0.5 to 2 pg/mL, as expected for non-film released vancomycin
against S. aureus. Overall, the drug release profiles and vancomycin activity remain unaltered
over at least 6 months of room temperature storage. These films maintain stability at temperature
conditions and timescales well beyond what is possible for ready-to-use intravenous solutions of
vancomycin.
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Figure 3-12: Normalized S. aureus density upon exposure to vancomycin
for A.) 0 months, B.) 3 months at 25 *C, and C.) 6 months at 25 *C.
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film release solution. Films stored
In many situations, temperature control in the 4 to 25 'C range may not be possible,
especially in harsh climates where military personnel may operate. To simulate such conditions,
we stored vancomycin LbL films at elevated temperatures of 37 'C for up to 1 month (conditions
in which aqueous formulations of vancomycin are known to degrade rapidly). Fig. 3-13A shows
vancomycin release profiles for films stored for 0 and 1 month at 37 'C, demonstrating that both
films have the same release kinetics and drug loading. Additionally, Fig. 3-13B shows
normalized S. aureus density upon exposure to film-released vancomycin from films stored for 1
month at 37 'C. Similar to the samples stored at room temperature, no loss in vancomycin
activity is detected, and the MIC against S. aureus is completely maintained.
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Figure 3-13: Vancomycin film behavior after 1 month storage at 37 *C. A.) Vancomycin release profiles of
films stored for 0 and 1 month at 37 *C. B.) Normalized S. aureus density upon exposure to vancomycin film
release solution for films stored for 1 month at 37 "C.
3.4 Conclusions
In this work, we have developed drug release coatings for the delivery of a potent
antibiotic, vancomycin. The versatile LbL assembly technique was utilized to engineer sprayed
and dipped coatings to achieve a variety of drug release profiles. Secondary-interactions
between film components were found to play a critical role in the assembly of these films and
provide control over drug density and release profile. Formation of these interactions was
sustained in film architectures experiencing significant interdiffusion. The drug loadings and
release profiles attained in this work were highly therapeutic and able to address a variety of
infection needs. Film released vancomycin maintained complete activity against S. aureus for
the duration of film release. Films were benign to healthy mammalian wound healing
fibroblasts. A representative film architecture was tested for long term storage stability of the
encapsulated vancomycin and found to be highly stable. In fact, these vancomycin films are
significantly more stable than the commonly used intravenous solutions of vancomycin stored in
similar conditions. These drug release coatings are an important advance in preventing the
spread of drug resistant bacteria while maintaining efficacy of current therapeutics. Moreover,
this film technology provides a new therapeutic option for infection treatment in environments
where rapid care is desired but refrigeration of ready-to-use intravenous formulations of
vancomycin is not possible. Most significantly, this work provides insight on how to control the
direct incorporation and release of small weakly charged agents from multilayer assemblies; by
focusing on promoting favorable interactions between film components, films with high drug
densities and controlled release profiles can be attained.
Chapter 4
Design of Multi-Drug Release Coatings Targeting
Infection and Inflammation
4.1 Introduction
Infection and inflammation are debilitating medical conditions that commonly coexist
[131]. The treatment requirements for each of these co-morbidities can vary significantly. A
bolus antibiotic administration may be required to immediately eradicate infection versus a
prolonged preventative treatment. In the case of inflammation, short term pain management or
long term inflammation mitigation may be needed. There are severe consequences to antibiotic
or non-steroidal anti-inflammatory drug (NSAID) administration at inappropriate or excessive
concentrations, including the development of antibiotic resistant bacteria [6, 8, 65],
gastrointestinal ulcers [132], congestive heart failure [133, 134], and interference with normal
wound healing processes. Controlled local delivery of therapeutics, rather than systemic
delivery, can help prevent undesirable outcomes of infection and inflammation treatment.
Currently, there are no effective modalities for controlled local co-delivery of both antibiotics
and NSAIDs. In this work, we have shown how to design polymer multilayer coatings that
simultaneously target infection and inflammation.
Layer-by-layer (LbL) assembly of polymer films is a versatile technique that has shown
great promise in drug delivery [31, 34, 44, 45, 55, 62]. LbL films are assembled by the repetitive
direct adsorption of components with complementary functionality [22]. Therapeutics can be
incorporated into these multilayer assemblies either directly [14] or within a carrier [58, 135,
136]. Vancomycin is a glycopeptide antibiotic that is highly effective in treating drug resistant
forms of Gram-positive bacteria, such as methicillin-resistant Staphylococcus aureus (S. aureus).
We have previously created tunable vancomycin releasing films as described in Chapter 3 using
both dip and spray LbL assembly by incorporating vancomycin directly via its net positive
charge into a tetralayer architecture utilizing hydrolytically degradable cationic poly(p-amino
esters) (PBAEs) in alternation with biocompatible polyanions, including alginate, chondroitin
sulfate, and dextran sulfate [61, 86, 106]. This work highlighted the power of using the LbL
spray assembly technique, in particular, to increase drug loading and control interdiffusion, a key
factor promoting interactions between film components. Films were engineered to exhibit
release profiles ranging from 4 hours to 2.5 days with maximum drug loadings of approximately
20 weight percent [14]. This is a significant drug loading for vancomycin delivery devices,
which typically are limited to containing just a few weight percent of the drug in order to
preserve the structure of the delivery system. Hydrolytically degradable LbL films have also
been designed for the delivery of hydrophobic small molecules, including NSAIDs such as
diclofenac. These films were constructed by alternating deposition of PBAEs and diclofenac
encapsulated in an anionic polymer carrier, poly(carboxymethyl-p-cyclodextrin) (polyCD), to
release therapeutic drug concentrations over a sustained period of approximately 17 days via a
controlled surface erosion based release [58, 136]. These films showed efficacy against
production of prostaglandins by A549 human lung carcinoma cells by inhibiting cyclooxygenase
(COX) activity over the duration of drug release.
Herein, we demonstrate the concurrent release of two small molecule therapeutics,
vancomycin and diclofenac, from degradable polymer multilayer films, to combat both infection
and inflammation. The construction of a dual release film is complicated by the fact that each
new component introduced into the film can significantly impact film stability, drug loading, and
drug release rate. Additionally, the release of macromolecular species from LbL films is well
understood and characterized [34, 62], while we are still trying to gain control and understanding
over the incorporation of small molecule therapeutics into these films. For example, here we
discover that for small molecule films, there can be stark differences in drug loading and release
behavior when films are dipped versus sprayed. In this work, we show that a thorough
understanding of the relevant interactions between therapeutic agents and drug carriers and the
effects of these interactions on film assembly can be used to appropriately take advantage of
previously developed single-therapeutic films and predict a priori the behavior of composite
films, in which either the antibiotic or NSAID film is deposited first, followed by the film
containing the complementary therapeutic as shown in Figure 4-1. The findings of this study
provide significant insight on the specific considerations needed to design and optimize multi-
drug releasing systems relevant to a variety of conditions, ranging from common hospital
procedures to battlefield trauma.
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Figure 4-1: Layer-by-layer film architectures. A.) Antibiotic-only and NSAID-only LbL film architectures.
B.) Composite antibiotic and NSAID LbL film architectures. Note: orange = polyanion, blue = poly(p-amino
ester), green = vancomycin, red = diclofenac encapsulated within poly(carboxymethyl-p-cyclodextrin).
4.2 Materials and Methods
4.2.1 Materials
Poly 2 was synthesized as previously described [61, 86, 106]. Vancomycin, alginate (M,
120 - 190 kDa), poly(sodium 4-styrene-sulfonate) (SPS, M, = 70 kDa), and sodium acetate
buffer (3 M) were purchased from Sigma-Aldrich (St. Louis, MO). Diclofenac and polyCD
(2.8% substituted) were purchased from TCI America (Portland, OR) and CTD, Inc.
(Gainesville, FL), respectively. Chondroitin sulfate sodium salt (M. = 85 kDa) was purchased
from TCI International (Tokyo, Japan). Dextran sulfate sodium salt (Mn = 500 kDa) and linear
polyethyleneimine (LPEI, Mn = 25 kDa) were purchased from Polysciences (Warrington, PA).
Silicon and glass substrates were obtained from Silicon Quest International (Santa Clara, CA)
and VWR Scientific (Edison, NJ), respectively. Intraocular lenses were generously donated by
Aurolab (Aravind Eye Care System, Madurai, India). Vicryl sutures and latex-free absorbent
sterile pad bandages were obtained from the Department of Comparative Medicine
(Massachusetts Institute of Technology) and RiteAid Pharmacy (Harrisburg, PA), respectively.
Dulbecco's phosphate buffered saline (PBS, 0.1 M) was purchased from Invitrogen (Carlsbad,
CA). Deionized water (18.2 M9, Milli-Q Ultrapure Water System, Millipore) was utilized in all
experiments. S. aureus 25923 was obtained from ATCC (Manassas, VA). Cation-adjusted
Mueller Hinton broth (CaMHB), Bacto agar, and vancomycin susceptibility test discs were
obtained from BD Biosciences (San Jose, CA). Cyclooxygenase fluorescence inhibitor
screening assay kit was purchased from Cayman Chemical (Charlotte, NC).
4.2.2 Film Assembly
Prior to assembly, substrates (approximately 1 cm 2) were cleaned, plasma etched, and
coated with (LPEI/SPS)lo base layers as previously described [14]. Composite films containing
both diclofenac and vancomycin were created by combining single-therapeutic film architectures
whose assembly has been previously described in Chapter 3 [14, 58, 136]. Briefly, antibiotic-
only films were built with a tetralayer architecture, denoted: (poly
2/polyanion/vancomycin/polyanion) 60 , where the polyanion was alginate, chondroitin sulfate, or
dextran sulfate and sixty represents the number of tetralayers deposited. All deposition solutions
for the antibiotic films were formulated at 2 mg/mL in 0.1 M sodium acetate buffer (pH 5). In
dipped LbL films, poly 2 and vancomycin were deposited for 10 minutes, and the polyanions for
7.5 minutes, with 10, 20, and 30 second rinses following each step. For alginate and chondroitin
sulfate films, deionized water (pH 5) was used for the rinse steps, and for dextran sulfate films,
0.1 M sodium acetate buffer (pH 5) was used. NSAID-only films were built with bilayer
architecture, (poly 2/polyCD-diclofenac) 20. NSAID film poly 2 deposition solution was
formulated at 2 mg/mL in 0.1 M sodium acetate buffer (pH 6), while polyCD-diclofenac solution
was prepared at 20 mg/mL polyCD and 1.4 mg/mL diclofenac in 0.1 M sodium acetate buffer
(pH 6). In short, dipped NSAID film deposition steps lasted 10 minutes, followed by 10, 20, and
30 second rinses in deionized water (pH 6).
Spray LbL films were created using a programmable spray apparatus (Svaya
Nanotechnologies) as previously described in Chapter 3 [14]. All drug and polyelectrolyte spray
deposition steps were 2 seconds, while a single 3 second rinse step was used following each
deposition with a flow rate of 0.25 mL/s. All solution formulations used for spray LbL were the
same as those used in dipping.
For composite dipped and sprayed films, the NSAID film was either layered directly on a
preformed antibiotic film or the NSAID film coated substrate was used for subsequent deposition
of antibiotic films. Composite films were also created on intraocular lenses (using dipped LbL),
sutures, and bandages (using spray LbL and applying a 50 psi vacuum to the back of the
substrate). These materials were pre-treated in the same way as the silicon and glass substrates
prior to film assembly.
For all optimal film architectures constructed in this study, film thickness on glass or
silicon substrates was monitored using either a spectroscopic ellipsometer (J.A. Woollam Co.,
Inc. M-2000D) or a surface profilometer (KLA Tencor P-16). For profilometer measurements,
films were scored with a razor, tracked over a 700 prm length, and average film thickness was
obtained. Device coatings were also examined using a scanning electron microscope (JEOL
JSM-6060).
4.2.3 Drug Release
Films were dried under nitrogen after assembly and released in 500 pL of 0.01 M PBS at
37 'C. At predetermined time points films were removed and added to fresh PBS aliquots.
Vancomycin and diclofenac presence in each of the release samples was quantified with high
performance liquid chromatography (Agilent Technologies HPLC, 1100 series) using a C 18
reverse phase column (Supelco) equipped with a fluorescence detector. An excitation
wavelength of 280 nm and emission wavelength of 355 nm was utilized. Vancomycin
fluorescence was monitored with a 70/30 0.01 M PBS/methanol mobile phase, while diclofenac
fluorescence was monitored with a 70/30 0.01 M PBS/acetonitrile mobile phase. A flow rate of
1 mL/min and injection volume of 500 gL and 100 pL was used for vancomycin and diclofenac,
respectively.
4.2.4 Studying Film Component Interactions
Molecular interactions between film components were examined chromatographically.
Interactions between polyCD and vancomycin were studied by dissolving vancomycin at a
concentration of 41 pM in polyCD (0, 2, 4, 8, and 16 mM) at pH 5 and 6 in sodium acetate
buffer (0.1 M) and sodium chloride (1 M) and examining vancomycin fluorescence with HPLC
as described under Drug Release. Interactions between diclofenac and vancomycin were studied
by suspending excess diclofenac (34 mM) in vancomycin solutions (1.3 mM, 0.65 mM, and 1.3
pM) in the same four solution conditions and exploring diclofenac solubility (proportional to
diclofenac fluorescence) via HPLC after filtering these solutions through 0.2 pm filters.
To quantify diffusion and exchange capabilities of single-therapeutic films, the NSAID-
only or antibiotic-only film architectures were introduced to film deposition and wash solutions
(described under Film Assembly) for the complementary film for 10 minutes (the maximum
deposition time). Following this, each film was rinsed briefly in deionized water to remove non-
specifically bound material. It was chromatographically determined how much of the deposition
component diffused into the film (by taking these films after treatment and allowing them to
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release completely in 0.01 M PBS solution and examining these with HPLC) as well as how
much of the film therapeutic was displaced in this process (by examining the test solutions with
HPLC). A representative antibiotic film architecture containing chondroitin sulfate was used in
all of these experiments. A twenty bilayer film assembled analogous to the NSAID-only film but
containing no diclofenac, denoted (PolyCD20), was also included in these studies.
4.2.5 Measuring Drug Activity
Vancomycin activity was assessed using both a modified Kirby-Bauer and microdilution
assay. For these assays, S. aureus 25923 in its exponential growth phase was utilized. In the
Kirby-Bauer assay, S. aureus at 108 CFU/mL concentration was applied evenly to an agar plate.
Film coated bandages, an uncoated control, and a 30 tg vancomycin susceptibility disc were
each applied to the coated agar and incubated for 16-18 hours at 37 'C, after which the zone of
inhibition surrounding the test materials was examined. In the microdilution assay, film released
solutions and controls of 0.01 M PBS were serial diluted in CaMHB in a 96 well clear bottom
plate. S. aureus was added to each of the film release dilutions and positive controls at a final
concentration of 105 CFU/mL, with no bacteria added to the negative controls. After 16-18
hours of incubation with shaking at 37 'C, the optical density of each well at 600 nm
(proportional to bacteria concentration) was read on a BioTek PowerWave XS plate reader.
Normalized bacteria density was calculated as previously reported in Chapter 3 [14].
To quantify diclofenac activity, a COX inhibition assay was utilized. When uninhibited,
COX leads to the production of hydroperoxy endoperoxide (PGG2) from arachadonic acid.
PGG2 reacts with 10-acetyl-3,7-dihydroxyphenoxazine (ADHP) to produce fluorescent
resorufin. Resorufin fluorescence upon exposure to film release solution and controls of
polyCD, polyCD-diclofenac, and vancomycin solution, was quantified.
4.2.6 Statistical Analysis
All experiments conducted in this work were done in triplicate at minimum. Data is
reported as mean ± standard deviation. All thickness measurements were taken at a minimum of
three locations per sample.
4.3 Results and Discussion
4.3.1 Film Component Interactions
Having previously developed optimal antibiotic [14] and NSAID [58] LbL assembled
films, we sought to combine these film architectures to formulate dual drug-release films as
shown in Figure 4-1. However, this process introduces many complexities, including the large
parameter space for combining single-therapeutic films (i.e. choice of LbL assembly technique -
dip or spray, film architecture - polyanion choice, etc.), which influences potential film
component interactions that ultimately affect drug loading and release characteristics. To predict
composite LbL film behavior a priori and reduce the complexity of film assembly, the potential
for solution based interactions of film components was investigated by examining mixtures of
varying film components using liquid chromatography coupled with fluorescence detection. In
this study, changes in fluorescence intensity of vancomycin and diclofenac in these mixtures
compared to pure drug solutions indicated the formation of complexes between interacting
species. Interactions between film components were probed at four different conditions, 0.1 M
sodium acetate buffer and 1 M sodium chloride at pH 5 and 6. The 0.1 M pH 5 and 6 solvents
represent the previously determined optimal deposition conditions for the vancomycin and
diclofenac films, respectively [14, 58, 136]. Two critical interactions were discovered to exist,
namely the interaction of polyCD with vancomycin and the interaction of vancomycin with
diclofenac.
Figure 4-2A shows vancomycin fluorescence for a constant vancomycin concentration
(34.5 pM) dissolved in varying polyCD concentrations at each solvent condition tested
normalized by its fluorescence in pure vancomycin solution (absent any polyCD). Normalized
vancomycin fluorescence increased with increasing polyCD concentrations only in the pH 5 (0.1
M) solvent, an indication of an interaction occurring between vancomycin and polyCD at these
conditions [112]. At pH 5, vancomycin has a net positive charge of 1 [107], and the cationic
vancomycin can interact electrostatically with the anionic polyCD. At pH 6, vancomycin charge
is greatly reduced with its isoelectric point near neutral pH [113, 114], and therefore, this
interaction is not promoted at these conditions. Further evidence that this interaction is primarily
electrostatic was obtained from results of solutions formulated at the higher ionic strength of 1 M
(pH 5). At these conditions, charge screening inhibits the electrostatic polyCD-vancomycin
interaction and these solutions no longer show increased normalized vancomycin fluorescence in
the presence of polyCD.
Next, we examined mixtures of diclofenac and vancomycin. The hydrophobic diclofenac
was suspended in excess in the same four solvent conditions described earlier containing three
separate vancomycin concentrations (1.3 pM, 0.65 mM, and 1.3 mM). Note that the 1.3 mM
vancomycin concentration represents the concentration of vancomycin used in antibiotic-only
film construction [14]. These solutions were filtered to remove non-soluble diclofenac and
normalized diclofenac fluorescence was determined by comparing diclofenac fluorescence in
these filtered solutions to those of pure filtered diclofenac (absent any vancomycin). The results
of this interaction study are summarized in Figure 4-2B. At pH 5 in 0.1 M buffer, increasing
vancomycin concentration led to increased diclofenac solubilization (directly proportional to
diclofenac fluorescence). This effect was nonlinear with no increase in diclofenac solubilization
at the lowest vancomycin concentration tested, and an approximate 14 times increase in
diclofenac solubility at the highest vancomycin concentration equal to that used in antibiotic-
only film assembly. This interaction does not occur at pH 6 conditions (due to reduced
vancomycin charge) and at high salt concentration (due to charge screening) suggesting that like
the interaction of polyCD and vancomycin, the interaction of diclofenac and vancomycin is
primarily electrostatic between the positively charged vancomycin (at pH 5) and the negative
charge of the diclofenac carboxyl group.
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Figure 4-2: Solution based film component interactions. A.) Vancomycin-polyCD interaction. B.)
Vancomycin-diclofenac interaction. All interactions were studied at four conditions: 0.1 M sodium acetate
buffer and 1 M NaCl, pH 5 and 6.
Based on the discovery of these two interactions, namely the interaction of polyCD and
vancomycin as well as the interaction of diclofenac and vancomycin, one can anticipate the
behavior of composite films in which the antibiotic component would be deposited upon a
preformed NSAID film. We predicted that these films would experience increased vancomycin
loading compared to antibiotic-only films, due to electrostatic attraction between polyCD and
vancomycin. Additionally, submerging an NSAID film into the vancomycin deposition solution
should lead to diclofenac stripping from the existing NSAID film, due to electrostatic attraction
of vancomycin and diclofenac.
To translate these solution-based observations to films, a series of experiments was
conducted to quantify the ability of components to diffuse into and out of single-therapeutic
films upon exposure to LbL assembly deposition and wash conditions for the complementary
drug containing film. The observed phenomena is related to commonly observed diffusion and
exchange behavior in LbL films and found to be strongly dependent on charge density,
molecular weight, and ionic strength of the species involved [51, 52, 87]. A schematic of these
studies is shown in Figure 4-3, while the results of this study are summarized in Table 4-1. As
expected based on the solution interaction studies, NSAID films incorporated large amounts of
vancomycin. Additionally, films assembled with polyCD containing no NSAID incorporated
larger amounts of vancomycin than those films in which diclofenac was encapsulated in the
polyCD, suggesting that the interaction of polyCD and vancomycin is more likely to occur when
there is nothing populating the hydrophobic core of the cyclodextrins. Although vancomycin is
too large and hydrophilic to completely fit within the polyCD core, the hydrophobic phenolic
groups of vancomycin may partially associate with empty cores. An unexpected finding was
adsorption of significant diclofenac quantities (approximately 6 times the final loading of an
NSAID film) into antibiotic films at the pH 6 deposition conditions of polyCD-diclofenac. This
interaction at pH 6 was not visible in solution, although a strong interaction of polyCD and
vancomycin as well as diclofenac and vancomycin was observed at pH 5. At pH 6, vancomycin
is slightly charged [107, 113, 114]; due to the localized concentration of vancomycin in the
antibiotic film versus a dilute solution, it is likely that interactions observed strongly at pH 5 in
solution are also visible at pH 6 in the case of the film. Based on these findings, we predicted
that films in which the NSAID component is deposited on the antibiotic film would experience
increased diclofenac loading.
Figure 4-3: Study of diffusion and exchange behavior in single-therapeutic films.
Each single-therapeutic film was stable in its own wash condition. However, at the pH 6
NSAID film wash conditions, 11 ± 3 gg of vancomycin was lost in the duration of a single
deposition step; 64% less vancomycin was lost in the polyCD-diclofenac solution at pH 6. It
could be expected that the antibiotic film would be severely destabilized at the pH 6 conditions
necessary for NSAID film construction. The level of destabilization should be strongly
dependent on the initial stability of the antibiotic-only film, which is heavily dependent on the
polyanion choice and deposition technique (spray versus dip LbL) which was demonstrated in
Chapter 3 [14]. NSAID films were found to be stable at the pH 5 wash conditions of the
antibiotic film, retaining all diclofenac. However, as expected from solution interaction studies,
in the presence of vancomycin, diclofenac was stripped from these films at significant amounts
(comparable to the total loading of an NSAID film). These findings strongly indicated that
deposition of antibiotic films upon preformed NSAID films may lead to severely depleted
diclofenac loadings and increased vancomycin loadings in these films. The solution based
interaction studies appropriately predicted the behavior of single-therapeutic films, while the
single-therapeutic film studies helped formulate further predictions on the behavior of composite
films.
Table 4-1: Diffusion and exchange behavior in single-therapeutic films.a
Film Deposition/ wash solution Vancomycin (pg) Diclofenac (pg)
In Out In Out
Vancomycin 5 ±3 4 1
(NSAID film)2 0  NA NA0.1 M sodium acetate buffer NA 0
(pH 5)
(PolyCD film) 20  Vancomycin 13 ±6 NA NA NA
PolyCD-diclofenac 4 ±1 28 ±10
(Antibiotic film)60  PolyCD NA 8 ±1 NANA
0.1 M sodium acetate buffer 11 ±3
(pH 6)
aNA = not applicable.
4.3.2 Film Assembly and Drug Release Characteristics
Following extensive interaction studies, we designed composite films using both dip and
spray assembly to test our findings and create several optimal multi-drug release film
architectures. Table 4-2 summarizes the relevant drug loading and release characteristics of
these composite films as well as single-therapeutic films (corresponding co-release profiles are
either exhibited in Figure 4-4 or in Figure 4-7). In films where the NSAID component was
deposited first followed by the antibiotic component, there was increased vancomycin loading as
compared to antibiotic-only films. The difference in loading (approximately 1.2 to 1.5 times) is
not strongly dependent on the polyanion used in the antibiotic film tetralayer. The spray
assembled composite architecture incorporated approximately 1.7 times more vancomycin than a
sprayed antibiotic-only film. In addition, diclofenac had been completely stripped from these
films. These findings for the composite architecture formulated from an antibiotic film deposited
upon an existing NSAID film were all in agreement with the pre-construction interaction studies.
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Figure 4-4: Composite film drug release profiles. A.) Drug release from dipped LbL film: (poly 2/dextran
sulfate/vancomycin/dextran sulfate)60 + (poly 2/polyCD-diclofenac) 20. B.) Drug release from sprayed LbL
film: (poly 2/chondroitin sulfate/vancomycin/chondroitin sulfate)60 + (poly 2/polyCD-diclofenac) 20 -
It was clear that it would be necessary to deposit NSAID films on top of preformed
antibiotic films to ensure retention of diclofenac in composite films. However, in the case of
alginate and chondroitin sulfate dipped films with this architecture, there was little vancomycin
retained after NSAID deposition (as predicted by the pH 6 destabilization of vancomycin films).
Figure 4-4A shows the release profile of the NSAID film built on the more stable dextran sulfate
containing vancomycin architecture. This composite film was found to have a thickness of 4.36
± 0.28 pim, greater than a dextran sulfate dipped antibiotic-only film (thickness of 3.14 ± 0.24
pm [14]). The increased affinity for polyCD-diclofenac in the pre-deposited antibiotic film is
expected to lead to interdiffusion and higher loading of polyCD-diclofenac, thereby increasing
film thickness (note that dipped NSAID-only films have a thickness of approximately 20 nm).
There was an approximate 38% reduction in the incorporated vancomycin in these films during
NSAID film deposition. However, the remaining 13.3 ± 0.5 pg/cm 2 of vancomycin in this film
remains highly therapeutic, able to meet and exceed the minimum inhibitory concentration of
vancomycin against S. aureus (0.5-2 ptg/mL) [87]. Additionally, the timescale of vancomycin
release from this film architecture was comparable to the antibiotic-only film, approximately 2.3
days, with a linear release profile following the first 4 hours (R = 0.95). This architecture also
incorporated approximately 1.9 times more diclofenac than an NSAID-only film (9.4 ± 0.9
pg/cm2 versus 5.0 ± 1.0 pg/cm2), also predicted by the interaction studies; release timescale was
reduced from 20 to 1.7 days, dictated by the underlying antibiotic film architecture.
Approximately 50% of diclofenac was released in the first 4 hours. This architecture led to
moderate release times for both drugs at therapeutic doses, appropriate for infection prevention
and immediate pain management following injury or surgery, avoiding the complications of
prolonged therapeutic exposure.
Spray LbL assembly was explored as a method for preventing the pH 6 destabilization of
the underlying antibiotic film during assembly of the NSAID film due to the rapid kinetics and
short time frame of the spray process. A representative chondroitin sulfate antibiotic-only film
was used in these studies. The fast LbL spray process allows for the kinetic trapping of film
components and does not allow significant film component interdiffusion for the systems studied
here [14]. This composite architecture was found to have a film thickness of 3.00 + 0.16 ptm,
compared to 2.54 ± 0.06 ptm for a chondroitin sulfate spray antibiotic-only film (note that
sprayed NSAID-only films have a thickness of 0.20 ± 0.01 pim). Due to the short spray times of
the NSAID architecture upon the antibiotic film, there was indeed no significant decrease in
vancomycin loading in composite films compared to antibiotic-only sprayed films. In Chapter 3,
spray LbL of antibiotic-only films was shown to lead to short (4 hr) burst release of drug [14],
which was also observed here. This composite architecture was found to best address the
potential need for immediate bacteria eradication and allow long term inflammation control, as
seen in Figure 4-4B. There was an NSAID release time of 13.9 days (twice as long as an
NSAID-only film) with 36.2 ± 4.4 pig/cm 2 diclofenac (5 times increased loading compared to an
NSAID- only sprayed film) released in a nonlinear manner; 80% of the incorporated drug was
released in the first 6 days. It is interesting that there was such a large increase in diclofenac
loading during the spray process, which has previously been shown to lack the level of film
component interdiffusion that is often visible in dip assembled films [14]. However, the level of
interpenetration of layers in the thin NSAID film may be enough to promote polyCD-
vancomycin interactions, which are not as visible with thicker films. For all of the composite
architectures explored in this work, drug loading characteristics were consistent with the
interaction studies completed prior to film assembly.
4.3.3 Therapeutic Potential of Optimal Film Architectures
The therapeutic potential of the optimal dip and spray LbL architectures (whose release
profiles are shown in Figure 4-4) was assessed by applying these films to several medical device
surfaces, including intraocular lenses (IOLs), bandages, and sutures. Scanning electron
microscopy confirmed the successful coating of these devices, as seen in Figure 4-5. The IOL
was coated using dip LbL film assembly, while both the bandages and sutures were coated using
spray assembly. In the uncoated IOL SEM image in Figure 4-5, we see both the smooth lens
region and the haptic. In the coated IOL image, a scratch was intentionally imaged to elucidate
the existence of a smooth film on the IOL. Both the bandage and suture images clearly show the
existence of film coating after the spray process on the substrates. Coating of these substrates
demonstrates the versatility of these composite films in their ability to coat various medical
device surfaces.
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Figure 4-5: Multi-drug release device coatings. Scanning electron microscopy images of coated medical
devices (scale bar = 20 ptm for IOL and bandage; 100 pm for suture). The uncoated IOL image shows both
the lens and haptic regions. The visible crack on the coated IOL is a scratch on the film showing the existence
of a smooth film on the lens.
Therapeutic efficacy of bandages spray coated with the LbL film architecture whose
release is shown in Figure 4-4B was examined by challenging with specific infectious and
inflammatory targets, namely S. aureus and COX. Figure 4-6A shows the COX activity in
response to diclofenac released from these coated bandages, along with several negative and
positive controls. Film-released diclofenac was highly effective in inhibiting COX activity over
the duration of its release. Vancomycin released from this coated bandage was also completely
effective in inhibiting S. aureus growth in vitro, shown in Figure 4-6B.
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Figure 4-6: Composite film-released drug efficacy. A.) COX activity of diclofenac released from LbL
bandage coating at Day 1, 2, 4, and 6 of release. Controls of pure polyCD, pure vancomycin, and pure
diclofenac were also included. B.) Vancomycin activity against agar coated S. aureus of (i) LbL coated
bandage, (ii) uncoated bandage, and (iii) vancomycin control (30 pg) (scale bar = 9 mm). C.) Normalized S.
aureus inhibition by vancomycin released from dipped LbL film architecture: (poly 2/dextran
sulfate/vancomycin/dextran sulfate)60 + (poly 2/polyCD-diclofenac) 20 -
The coated bandage has a surrounding zone of inhibition (ZOI) similar to a vancomycin control
disc (30 jig); the ZOI is absent for the uncoated control bandage. Vancomycin released from a
coated intraocular lens was also shown to completely maintain its native MIC against S. aureus
(0.5-2 pg/mL) as shown in Figure 4-6C; here the coating architecture was that of the dipped film
release shown in Figure 4-4A. Overall, the antibiotic and anti-inflammatory properties of the
incorporated therapeutics were not affected by the composite film deposition and release process.
These dual drug releasing films have great potential to be used in a variety of medical scenarios
which would benefit from the localized delivery of both an antibiotic and an NSAID.
4.3.4 Composite Film Summary
Table 4-2 summarizes the total drug loading and timescales for drug release for all
composite film architectures explored in this work along with single therapeutic films.
Table 4-2: Total drug loading and release timescale of single-therapeutic and composite films.
Film Vancomycin Diclofenac
Architecture a Polyanionb LbL Loading Release Loading Release
[pig/cm 2] time [pig/cm 2] time
[days] [days]
AB60  A Dip 89.6 ± 0.3 0.3 NA NA
AB 60  CS Dip 107.6 ± 0.2 2.1 NA NA
AB 60  DS Dip 21.5 ±1.5 2.2 NA NA
AB 60  CS Spray 28.5 ± 3.0 0.3 NA NA
NSAID 20  NA Dip NA NA 5.0 ± 1.0 20.0
NSAID 20  NA Spray NA NA 7.0 ± 0.2 7.0
AB 60 + NSAID 20  A Dip 0.5 ± 0.2 1.1 54.1 ±1.9 4.4
AB 60 + NSAID 20  CS Dip 0.5 ± 0.3 9.3 50.3 + 3.6 9.3
AB 60 + NSAID 20  DS Dip 13.3 ± 0.5 2.3 9.4 ±0.9 1.7
AB 60 + NSAID 20  CS Spray 28.7 ± 3.2 0.4 36.2 ± 4.4 13.9
NSAID 20 + AB60  A Dip 106.1 ±4.0 1.0 0 0
NSAID 20 +AB 60  CS Dip 158.6 ±44.8 1.4 0 0
NSAID 20 + AB60  DS Dip 26.1 2.9 2.2 0 0
NSAID 20 + AB60 CS Spray 48.5 7.9 0.4 0 0
aAB 60 = vancomycin film; NSAID 20 = diclofenac film
bA = alginate; CS = chondroitin sulfate; DS = dextran sulfate; NA = not applicable
The release profiles from these architectures are shown in Figure 4-4 and Figure 4-7. As
discussed earlier, all architectures in which the NSAID film was deposited first, followed by the
antibiotic film, had no diclofenac remaining in the film.
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Figure 4-7: Total drug release from composite film architectures. A.) (Poly 2/chondroitin
sulfate/vancomycin/chondroitin sulfate)60 + (poly 2/polyCD-diclofenac) 20 dipped. B.) (Poly 2/polyCD-
diclofenac) 20 + (poly 2/chondroitin sulfate/vancomycin/chondroitin sulfate)60 dipped. C.) (Poly
2/alginate/vancomycin/alginate)60 + (poly 2/polyCD-diclofenac) 20 dipped. D.) (Poly 2/polyCD-diclofenac) 20 +
(poly 2/alginate/vancomycin/alginate)60 dipped. E.) (Poly 2/polyCD-diclofenac) 20 + (poly 2/dextran
sulfate/vancomycin/dextran sulfate)60 dipped. F.) (Poly 2/polyCD-diclofenac) 20 + (poly 2/chondroitin
sulfate/vancomycin/chondroitin sulfate)60 sprayed.
4.4 Conclusions
In this work, we have developed a method to simultaneously deliver an antibiotic,
vancomycin, and an NSAID, diclofenac, from composite LbL films, over relevant timescales and
concentrations. The coating technology developed here is an important progression in the
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engineering and design of multi-drug releasing devices. The therapeutics incorporated in this
LbL drug delivery system are complementary in that they address two critical and often
simultaneous medical conditions, infection and inflammation. However, their differing chemical
nature makes their direct incorporation into a single therapeutic technology a difficult task. Our
study of film component interactions proved to be a valuable way of designing and
understanding the behavior of these multi-drug releasing LbL films. The interaction studies
along with the versatility of spray and dip LbL assembly have both been used in this work to
manipulate the kinetics of diffusion and exchange processes to design dual-functionality
coatings. The films developed here exhibit release profiles and drug loadings which specifically
address differing medical needs, ranging from rapid to more prolonged delivery of either
therapeutic incorporated. The design principles utilized in this study can be applied to the
efficient development of other clinically relevant device coatings.
Chapter 5
Release of Vancomycin from Multilayer Coated
Absorbent Gelatin Sponges
5.1 Introduction
The use of local techniques to controllably deliver effective concentrations of antibiotics
at a site of interest has the potential to prevent drug resistance, a growing problem with frequent
systemic antibiotic exposure [65]. Typical broad spectrum antibiotics are delivered
intravenously or orally, often eliminating healthy bacteria and allowing resistant strains to
flourish. By delivering therapeutics locally, unnecessary systemic administration can be
avoided. Several approaches for local antimicrobial delivery have been explored, including
antibiotic-infiltrated wound dressings [8, 9], polymer scaffolds [10], sol-gels [103], and
hydrogels [11], amongst others. Typical polymeric scaffolds have limited capacity for small
molecule drugs, and are not able to effectively coat the complex geometries and small scale
features of wound dressings, thus making it difficult to find means of incorporating the drug
while maintaining function. Layer-by-layer (LbL) assembly of polymer multilayer films can be
used to address these issues via the direct surface functionalization and coating of complex
structures for local antimicrobial applications.
The LbL technique, which involves the alternate deposition of positively and negatively
charged species [22], is extremely versatile and has been applied in coating a variety of
biomedically relevant substrates, including stents [37], red blood cells [48], electrospun materials
[27], and microparticles [31], to name a few [43, 44, 47]. Because the method is water-based, a
variety of sensitive molecules and macromolecules have been successfully assembled in LbL
films while preserving biological efficacy, including proteins [30-33], peptides [13, 55], and
small molecules [55, 58]. Bactericidal LbL films have previously been developed, including
non-degradable coatings containing antimicrobial polymers [15, 137] and films designed to
release antimicrobial agents [13, 14, 54, 55]. We have shown that small molecule antibiotics can
be directly incorporated into LbL films without prior encapsulation [14, 54]. A large advantage
of using LbL systems is the ability to generate high drug loadings within the film and
conformally coating complex geometries such as implant surfaces and structures with micro- to
nanometer scale features.
In our previous work described in Chapter 3, we demonstrated that vancomycin, a potent
glycopeptide antibiotic used primarily in the treatment of resistant Gram-positive bacterial
infections, can be controllably released from hydrolytically degradable multilayer films [14].
Both traditional dip LbL, as well as spray LbL assembly, in which each solution is aerosolized
and sprayed at the substrate, can be used to assemble these films. The rapid kinetics of the spray
process ensure large vancomycin loading in these films (up to 20 weight percent); interdiffusion
of species in these sprayed films leads to formation of favorable non-electrostatic secondary
interactions between film components, promoting drug release up to 45 hours [14]. Spray LbL
assembly provides a means of manipulating the deposition of LbL films on porous media and
scaffolds with regard to the resulting degree of pore coverage and film morphology [27].
In this work, we show that spray LbL assembly enables the coating of vancomycin
containing LbL films on a clinically relevant biomaterials scaffold without modifying its
underlying structure, even when the substrate is water sorbable. The substrate we used is a
highly porous and absorbent gelatin sponge, Surgifoam@, manufactured by Ferrosan and
distributed by Johnson and Johnson. Surgifoam@ can be soaked in solutions of clotting factors,
such as thrombin, to promote rapid hemostasis [138]; it has been used in a variety of medical
procedures [138, 139]. It is of significant interest to coat these gelatin scaffolds with antibiotics
that can release directly to the wound as a means of concurrently addressing infection and
hemostasis for urgent care. Here, we functionalize Surgifoam@ with vancomycin containing
LbL films and examine the effects of substrate morphology on drug release while simultaneously
monitoring substrate properties before and after LbL film coating.
5.2 Materials and Methods
5.2.1 Materials
Poly 2 was synthesized as previously described [86, 106]. Vancomycin and sodium
acetate buffer (3 M) were purchased from Sigma-Aldrich (St. Louis, MO). Dextran sulfate
sodium salt (M = 500 kDa) was purchased from Polysciences (Warrington, PA). Dulbecco's
phosphate buffered saline (PBS, 0.1 M) was purchased from Invitrogen (Carlsbad, CA).
Deionized water (18.2 MK2, Milli-Q Ultrapure Water System, Millipore) was utilized in all
experiments. S. aureus 25923 was obtained from ATCC (Manassas, VA). Cation-adjusted
Mueller Hinton broth (CaMHB), Bacto agar, and vancomycin susceptibility test discs were
obtained from BD Biosciences (San Jose, CA). Surgifoam@ absorbent gelatin sponges were
generously donated by Ferrosan (Soeborg, Denmark).
5.2.2 Film Assembly on Surgifoam@
Vancomycin containing films were assembled using spray LbL assembly as previously
described in Chapter 3 [14]. Briefly, these films were constructed using a tetralayer architecture,
denoted: (poly 2/dextran sulfate/vancomycin/dextran sulfate),, where n represents the number of
tetralayers deposited (films with n = 60 and 120 were assembled in this work). All deposition
solutions were formulated at a concentration of 2 mg/mL in 0.1 M sodium acetate buffer (pH 5).
Films were assembled using a programmable spraying apparatus (Svaya Nanotechnologies). The
Surgifoam@ substrate was used as received with no pretreatment. A 50 psi vacuum was applied
to the back of Surgifoam@ substrates (with dimensions of 1 cm x 5.5 cm x 4.5 cm) during the
LbL deposition process. For each tetralayer, each deposition step lasted 2 seconds, followed by a
3 second rinse with 0.1 M sodium acetate buffer (pH 5) at a flow rate of 0.25 mL/s. Following
film deposition, the Surgifoam@ was allowed to dry using gentle house vacuum and then stored
at 4 'C prior to subsequent analysis. For contact angle and swelling measurements, films were
coated on silicon substrates without vacuum application.
5.2.3 Characterization of Film and Surgifoam@ Properties
Advancing water contact angle of 60 and 120 tetralayer films coated on silicon wafers
was obtained using a standard sessile drop technique with a VCA 2000 video contact angle
system and the accompanying VCA OptimaXE software (AST Products, Inc.). Additionally,
film swelling was monitored for the 60 tetralayer film using a MultiMode 8 scanning probe
microscope with a Nanoscope V controller (Veeco Metrology) operated in tapping mode. Dry
film thickness measurements were made by scanning over a region containing both the film and
a deliberate scratch. Change in film thickness was monitored upon introducing 0.01 M PBS into
a liquid chamber.
Surgifoam@ morphology before and after LbL spray coating was examined using
scanning electron microscopy (JEOL JSM-6060). The surface area of uncoated Surgifoam@ was
evaluated using an accelerated surface area and porosimetry analyzer (Micromeritics ASAP
2020). Additionally, the ability of Surgifoam@ to absorb 0.01 M PBS before and after LbL
coating was examined. Pieces of coated and uncoated Surgifoam@ were weighed and
subsequently submerged in 10 mL of 0.01 M PBS for 10 minutes. Following this, the foam was
removed from the solution and weighed again. The difference is mass before and after soaking
corresponded to the mass of PBS absorbed by the sponge. This value was normalized by the
initial mass of the sponge, to give a measure of absorbency in milligrams of PBS per milligram
of sponge. An absorbency ratio of LbL coated to uncoated Surgifoam@ was calculated using the
following equation:
Absorbency ratio = (mg PBS absorbed/mg sponge)LbL coated(mg PBS absorbed/mg sponge)uncoated
5.2.4 Vancomycin Release from Surgifoam@
After LbL spray deposition, the coated Surgifoam@ was cut into smaller pieces using a
razor blade (with dimensions of approximately 0.7 cm x 0.8 cm x 1 cm). Each piece of sponge
was released in 1 mL of 0.01 M PBS at 37 'C. At predetermined times, the PBS was removed
and frozen at -20 *C before subsequent analysis; a fresh 1 mL of PBS was added to continue film
release. These film release solutions were monitored with high performance liquid
chromatography (Agilent Technologies HPLC, 1100 series) using a C18 reverse phase column
(Supelco) coupled with fluorescence detection, as previously described in Chapter 3 [14].
Briefly, each sample was run for 10 minutes using a 70/30 0.01 M PBS/methanol mobile phase,
1 mL/min flow rate, 500 ptL injection volume, and an excitation wavelength of 280 nm and
emission wavelength of 355 nm for vancomycin detection. Fluorescence peak height was
correlated with standards of known vancomycin concentrations and used to determine drug
concentrations in coated Surgifoam@ release samples. A piece of uncoated Surgifoam@ was
also released similarly to the coated sponges and examined with the same HPLC protocol, to
ensure that potential peaks from sponge degradation did not interfere with vancomycin peaks (no
interference was noted).
Release of vancomycin from Surgifoam@ pieces containing drug but no LbL coating was
also examined. After determining the total vancomycin loading in the 60 and 120 tetralayer LbL
film coated sponges, these quantities of vancomycin were dissolved in deionized water and
allowed to soak completely into pieces of non-film coated sponge. Immediately after soaking,
these sponge pieces were released in PBS in the same way that LbL film-coated Surgifoam@ was
released; release was quantified using HPLC as described above.
5.2.5 Bacterial Growth Inhibition
The ability of LbL coated Surgifoam@ to inhibit the growth of S. aureus 25293 was
examined by exploring the activity of the LbL coated sponge directly as well as drug release
solutions using previously described methods [14]. Briefly, coated Surgifoam@ activity was
assessed directly using a modified Kirby-Bauer test on a bacteria coated agar plate. Here, pieces
of coated sponge, along with controls of uncoated sponge and vancomycin susceptibility discs
(30 ptg), were applied to CaMHB-agar plates which were evenly coated with S. aureus in its
exponential growth phase at a concentration of 108 CFU/mL. These plates were incubated at 37
'C for 16-18 hours and observed for zones of inhibition surrounding the test samples following
incubation.
A quantitative determination of vancomycin activity from a coated Surgifoam@ sample
was obtained by first completely releasing the coated sponge into a 1 mL, 0.01 M PBS bath, at
37 'C. The exact concentration of vancomycin in this release solution was determined using
HPLC methods described earlier. Subsequently, S. aureus in its exponential growth phase was
added to dilutions of this release solution in CaMHB at a final concentration of 105 CFU/mL.
Non-film released vancomycin was also tested. Additionally, controls of 0.01 M PBS dilutions
in media containing no drug exposed to S. aureus (positive control) and not exposed to S. aureus
(negative control) were included. These dilutions were incubated at 37 'C for 16-18 hours with
agitation, following which, optical density at 600 nm was read using a BioTek PowerWave XS
plate reader. Normalized bacteria density was calculated as follows:
Normalized S. aureus density = (0D6oo,sample- OD600,negative control)(OD600,positive control- OD600,negative control)
5.2.6 Statistical Analysis
All experiments performed in this work were done in triplicate at minimum. Data is
reported as mean ± standard deviation. Surgifoam@ morphology via SEM was examined for a
minimum of three separate samples per test condition at a minimum of three locations per
sample.
5.3 Results and Discussion
5.3.1 Surgifoam@ Coating Characterization
In the LbL self-assembly process, substrates are coated with materials that have
complementary functionality (i.e. charge, hydrogen bonding interactions, etc.) one layer at a
time. Rinsing between deposition steps removes non-specifically bound material [22]. We used
this technique to coat Surgifoam@ gelatin sponges with antibiotic releasing LbL films. Due to
the fact that Surgifoam@ is highly water absorbent, these sponges were coated with spray LbL
assembly rather than the traditional dip assembly technique. In spray LbL assembly, each film
component and rinse solution is aerosolized and propelled at the substrate being coated as shown
in Figure 5-1 [25, 26]. Due to the fact that the process is not diffusion limited, spray LbL
significantly reduces the overall assembly time compared to the dip LbL technique, from
approximately 40 minutes per tetralayer to 20 seconds per tetralayer. As shown in Figure 5-1, a
vacuum was applied to the back of the porous Surgifoam@ substrate to take advantage of the
large surface area available for coating while sweeping liquid through the substrate at a fast rate
during the spray process. For the 60 and 120 tetralayer films deposited in this work, it takes 20
and 40 minutes to complete film spray assembly compared to 40 and 80 hours for dipping.
Soaking Surgifoam@ in the buffer solution used in film assembly for the same 20 and 40 minute
time period, 8.2 ± 1.4 and 11.5 ± 1.5 milligrams of buffer per milligram of sponge, were
absorbed without any significant change in sponge dimensions. Spray assembly does not require
complete immersion of the Surgifoam@ in liquid for lengthy times, which avoids this significant
absorption that may lead to inadequate coating and contamination from carryover of deposition
solutions [26]. Vacuum application further eliminates these complications. Overall, the short
and significantly drier spray process, allows for effective coating of the porous and absorbent
Surgifoam@.
'.,.j ' \porous
vacuum substrate
Figure 5-1: Spray layer-by-layer assembly for porous substrates. Each airbrush aerosolizes and sprays film
components or the rinse solution at the substrate; a vacuum is applied to pull solutions through the substrate.
For the vancomycin LbL films, 1 = poly 2, 2 and 4 = dextran sulfate, and 3 = vancomycin.
Prior to and after spray coating with antibiotic LbL films, scanning electron microscopy
was used to examine dry sponge morphology. Figure 5-2 shows both plan-view and cross-
sectional SEM micrographs of uncoated sponges and sponges coated with both 60 and 120
tetralayers of (poly 2/dextran sulfate/vancomycin/dextran sulfate), films. Poly 2 is a cationic and
hydrolytically degradable poly (p-amino ester) [11, 106], vancomycin is the cationic antibiotic,
dextran sulfate is a counter polyanion, and n is the number of tetralayers deposited. The
properties of these films on flat, non-porous, and non-absorbent substrates have previously been
described in Chapter 3 [14]. Figure 5-2 shows the highly porous nature of Surgifoam@; the
surface area was found to be approximately 5.3 m2/g. As evidenced in Figure 5-2, the
underlying Surgifoam@ morphology is maintained following the spray LbL process; there is no
evidence of collapse, expansion, or degradation of the sponge microstructure. The only visible
difference between the coated and uncoated samples is the presence of the coating itself, which,
as expected, appears thicker for the 120 tetralayer films compared to the 60 tetralayer films. As
the coating grows, it lines the pore surfaces and eventually begins to partially fill gaps between
pores.
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Figure 5-2: SEM micrographs of uncoated and (poly 2/dextran sulfate/vancomycin/dextran sulfate),, spray
LbL coated Surgifoam@. Scale bar = 500 pm and 50 Im for top and bottom row micrographs, respectively,
for both plan-view and cross-section images (except 60 tetralayer cross-section top row, where scale bar = 200
pm), respectively.
To ensure that the coated Surgifoam@ maintains its primary function, the absorption of
aqueous phosphate buffered saline (PBS) by LbL coated versus uncoated sponges was examined.
The ratio of mass of PBS absorbed by LbL coated versus uncoated Surgifoam@ is shown in
Figure 5-3. The LbL coating greatly enhances the absorption of PBS per milligram of sponge.
The 60 tetralayer LbL coating increased liquid absorption by approximately 80%, while the 120
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tetralayer coating increased sponge absorption by 170% compared to uncoated Surgifoam@. It
is generally known that polyelectrolyte multilayers can swell and take up significant amounts of
water when hydrated. In fact, the 60 tetralayer vancomycin containing LbL films
instantaneously swell to approximately 180% of their dry film thickness in PBS when assembled
on a flat substrate. Additionally, the advancing water contact angle on flat substrates coated with
60 and 120 tetralayer vancomycin LbL films, was measured to be 109.6 ± 6.20 and 53.1 ± 9.20,
respectively, further demonstrating the hydrophilicity of these films, especially at 120 tetralayers.
Gelatin hydrogels have been reported to have high advancing contact angles of approximately
1300, depending on gelatin concentration, despite their large water absorption capabilities [140].
It is clear from this data that the LbL film within the coated sponge is able to enhance
Surgifoam@ water uptake, likely through increased wetability and capillarity of the sponge pores
and the increased thickness of the coating itself, which can add to the total amount of water
absorptive material. Overall, the LbL coating lacks any detrimental effect on the functions of
Surgifoam@ and actually enhances the sponge absorbency by a factor greater than approximately
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Figure 5-3: Absorbency ratio of phosphate buffered saline by fim coated compared to uncoated Surgifoam@.
5.3.2 Vancomycin Release and Therapeutic Potential
The effects of the micro and nanoscale structure of drug releasing devices on dictating
drug release kinetics have been thoroughly explored [141-143]. The ability to generate uniform
conformal coatings within complex porous scaffolds allows us to use the pore morphology of the
underlying substrate as a means of modulating the release behavior of our LbL films; here we
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have explored the impact of the gelatin sponge morphology on vancomycin loading and release
kinetics. Figure 5-4 shows the release profiles of vancomycin from 60 and 120 tetralayer spray
LbL coated Surgifoam@ at physiologic conditions (PBS, pH 7.4, 37 C). Two different
representations of the data are shown; Figure 5-4A shows total vancomycin released per
milligram of the Surgifoam@ substrate, while Figure 5-4B shows the total vancomycin released
per square centimeter of projected in-plane Surgifoam@ surface. Both of these methods of data
representation provide valuable information about the final drug loading capabilities of these
LbL films. Compared to flat substrates which were previously sprayed with the same
vancomycin containing LbL film and found to contain 9.7 ± 1.0 pg/cm 2 and 20.0 ± 1.9 pg/cm2
for n = 60 and 120, respectively [14], films sprayed on Surgifoam@ showed an 880 ± 140% and
710 85% greater vancomycin loading for n = 60 and 120, respectively. This significant
increase in drug loading comes from the increased overall surface area of the Surgifoam@
substrate. From Figure 5-2 it is clear that there is significant bridging of the Surgifoam@ pores
by the multilayer film coating. The LbL film is observed to penetrate across the 1.0 cm
thickness of the Surgifoam@ substrate, but with less deposition in regions furthest from the front
surface during the spray LbL process. It is conceivable that if complete conformal coverage of
all available surface area were achieved, the loadings and release times could be increased even
further.
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Figure 5-4: Vancomycin release profiles from Surgifoam@ coated with (poly 2/dextran sulfate/vancomycin/
dextran sulfate),, where n = 60 and 120. A.) Drug release expressed in pg of vancomycin per mg of
Surgifoam@. B.) Drug release expressed in pg of vancomycin per Surgifoam® projected in-plane area (cm2).
Figure 5-5 shows normalized release profiles for both Surgifoam® and flat substrates
coated with (poly 2/dextran sulfate/vancomycin/dextran sulfate), where n = 60 and 120. The
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release at each time point is normalized to the final vancomycin loading in the film. Figure 5-5A
and 5-5B show full and partial release data for 60 tetralayer films, while Figure 5-5C and 5-5D
show full and partial release data for 120 tetralayer films. These figures also show release
profiles from Surgifoam@ that was soaked with vancomycin and released immediately into PBS
(no LbL film). This condition was used to simulate an option that might be commonly employed
by a surgeon, reconstituting a lyophilized formulation of vancomycin in solution and soaking up
the solution with the Surgifoam@ immediately prior to using the sponge to absorb blood during
an invasive procedure.
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Figure 5-5: Normalized vancomycin release profiles. A.) Complete release from Surgifoam@ and flat
substrates coated with (poly 2/dextran sulfate/vancomycin/dextran sulfate)60 spray LbL films and
vancomycin-soaked Surgifoam@ (no film). B.) Data shown in (A.) up to 52 hours of release. C.) Complete
release from Surgifoam@ and flat substrates coated with (poly 2/dextran sulfate/vancomycin/dextran
sulfate)120 spray LbL films and vancomycin-soaked Surgifoam® (no film). D.) Data shown in (C.) up to 77
hours of release.
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Table 1 summarizes several relevant release timescales that can be obtained from the graphs in
Figure 5-5, namely, the time for 50, 85, and 99% of the drug to be released (t5o%, t85%, t99%) from
LbL coated flat and Surgifoam@ substrates along with non-LbL coated Surgifoam@. The
relevant release timescales were determined by examining each sample that contributed to the
averages and standard deviations plotted in Figure 5-5, separately. Figure 5-6 shows an example
of three separate 120 tetralayer LbL film coated Surgifoam@ samples that were released (Figures
5-5C and 5-5D show the averaged release and standard deviations of these three samples). From
Figure 5-6A and 5-6B we can see that although the averages of these individual samples may
overlap for consecutive time points (especially towards later time points), the vancomycin
quantity in each individual release sample increases significantly. Once significant increase in
vancomycin quantities between one or more samples for consecutive time points was not visible,
release was considered to be complete.
Table 5-1: Vancomycin release kinetics.
Substrate t50% (hours) t85% (hours) t99% (hours)
No filma Surgifoam@ <4 8 24
n = 60b Surgifoam@ 16 40 104
Flat <4 10 24
n= 12 0b Surgifoam@ 28 63 150
Flat 8 27 45
a Surgifoam@ soaked in vancomycin (no LbL coating).
b Film architecture: (poly 2/dextran sulfate/vancomycin/dextran sulfate)..
Together Figure 5-5 and Table 5-1 show that similar to drug loading, there are significant
differences in vancomycin release kinetics for both the 60 and 120 tetralayer LbL film coatings
on Surgifoam@ compared to flat substrates. For both the 60 and 120 tetralayer Surgifoam@
films, there is an approximate 4-fold increase in t50%. Final Surgifoam@ LbL drug release lasts
over approximately 104 and 150 hours versus 24 and 45 hours for the same 60 and 120 tetralayer
films, respectively, on flat substrates. On flat substrates, the 120 tetralayer film was previously
shown to have a period of linear release lasting from 4 to 33 hours, compared to a rapid bolus
release of vancomycin from a 60 tetralayer film [14]. These differences were attributed to an
increased level of interdiffusion between film components at 120 tetralayers compared to 60
tetralayers, which appeared to promote non-electrostatic secondary interactions between
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vancomycin and dextran sulfate, stabilizing these films [14]. Similar to what was seen on flat
substrates, the 120 tetralayer Surgifoam@ coatings have a much more linear release profile than
the 60 tetralayer Surgifoam@ films and release vancomycin over a longer period of time; the
linear release period lasts from 4 to approximately 60 hours (R2 = 0.97) at which point
approximately 90% of the vancomycin has been released from the films. Overall, the increased
porosity and surface area of Surgifoam@ appear to greatly increase the vancomycin release
timescales from these previously developed LbL spray coatings from 1 to 2 days on non-porous
substrates [14] to 4 to 6 days on this clinically relevant substrate.
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Figure 5-6: Vancomycin release from (poly 2/dextran sulfate/vancomycin/dextran sulfate)120 coated
Surgifoam@. A.) Release from three individual samples is shown; the average of these three samples leads to
the results shown in Figure 5-5C and 5-5D. B.) The total vancomycin released for the last three time points of
significant release showing that each individual sample releases a significant quantity of vancomycin through
150 hours.
Additionally, Figure 5-5 and Table 5-1 show comparisons between drug release from
Surgifoam@ soaked in vancomycin compared to those in which the LbL film was used to
encapsulate drug and coat the sponge. Both the 60 and 120 tetralayer films show a significant
improvement in controlling drug release from Surgifoam@ compared to simply soaking the
sponge in vancomycin and releasing. For Surgifoam@ soaked in drug, 60% of the loaded
vancomycin is released in 4 hours and all of the drug is completely released at 24 hours. The
t50% value is 4 and 7-fold greater for the 60 and 120 tetralayer LbL Surgifoam@ coatings,
respectively, compared to the soaked sponge. This provides strong support for the use of these
LbL films for controlling drug release from coated substrates.
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The release profiles and drug loadings of 60 and 120 tetralayer LbL film coated
Surgifoam@ shown in this work have the potential to be highly therapeutic. Two of the primary
causes for development of antibiotic resistance and difficulty in treating infection are drug
concentrations below the minimum inhibitory concentration (MIC) of the drug against a
particular pathogen and inappropriate delivery timescales [6, 8]. With the Surgifoam@ coatings
developed here, we obtain tunable drug release over multiple days which can be suitable for both
eradicating and preventing infection from occurring at a wound site. Additionally, the large drug
loadings of these films can lead to local vancomycin concentrations well above the MIC of
vancomycin against common bacteria, including S. aureus.
5.3.3 Drug Activity
Upon LbL coating of Surgifoam@ and quantifying the release kinetics of vancomycin
from these sponges, we established the therapeutic activity of these coatings in vitro. First, we
released samples of 60 and 120 tetralayer coated Surgifoam@ in PBS and examined the efficacy
of those release solutions in inhibiting S. aureus growth. Figure 5-7A shows the normalized
density of S. aureus exposed to dilutions of vancomycin released from these coatings, along with
a standard solution of vancomycin. Vancomycin released from coated Surgifoam@ completely
maintains its activity against S. aureus, with an MIC between 0.5 to 2 pg/mL as expected for
non-film released vancomycin [87].
Activity was also assessed directly upon exposing pieces of coated Surgifoam@ to S.
aureus coated agar for a modified Kirby-Bauer test. Figure 5-7B shows the results of testing a
60 tetralayer film coated Surgifoam@ (i and ii) along with an uncoated control (iii) and a
vancomycin control disc (30 ig, iv). Sample (i) and (ii) come from the same piece of film
coated sponge, which was 1 cm thick. Upon coating, the sponge was sliced into two pieces, such
that sample (i) represents the 0.67 cm thick slice of sponge containing the face that was directly
exposed to the aerosolized spray from the LbL apparatus. Sample (ii) is the remaining foam
from underneath this portion (0.33 cm thick). A clear zone of inhibition (ZOI) surrounds the
vancomycin control (iv) along with both coated sponge pieces (i) and (ii), visually showing the
inhibition of S. aureus growth by these samples. The presence of a ZOI surrounding sample (ii)
confirms that vacuum application during LbL deposition allows penetration of the film
components throughout the thickness of the Surgifoam® sample. The irregular shape of this
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ZOI indicates that although the LbL coating penetrates the entire sponge, the coverage is uneven.
As expected, there is no ZOI surrounding the uncoated Surgifoam@. Based on the results of
these in vitro assays, it is clear that the vancomycin LbL coating of Surgifoam@ renders the
sponge highly antimicrobial and effective against a common source of infection, S. aureus.
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Figure 5-7: Staphylococcus aureus growth inhibition. A.) Normalized S. aureus density upon exposure to
dilutions of film release solutions from LbL coated Surgifoam@ and a standard of non-film released
vancomycin (dilution 1 = 2.3, 2.3, and 1.9 ptg/mL for non-film released vancomycin, n = 60, and n = 120,
respectively; each subsequent dilution is half the concentration of the previous dilution). B.) Agar coated
with S. aureus exposed to 60 tetralayer LbL film coated pieces of Surgifoam@ (i and ii), an uncoated piece of
Surgifoam@ (iii), and a 30 Ig vancomycin control disc (iv). Sample (i) is the top two-thirds of the coated
sponge, while sample (ii) is the bottom one-third.
5.4 Conclusions
In this work, we have demonstrated the application of a vancomycin releasing multilayer film
to a clinically relevant, highly absorbent and porous gelatin sponge, Surgifoam@. In the past, the
kinetics of vancomycin release from these LbL films and drug loading properties were examined
for flat substrates only. Here, we have used spray LbL assembly to coat Surgifoam@ and shown
that the substrate has a tremendous impact on increasing vancomycin loading and also extending
release times compared to a flat substrate. Additionally, we have shown that the LbL films
significantly increase the ability of the sponge to absorb liquid. This work has demonstrated that
spray LbL assembly is indeed a versatile tool that can be applied to a variety of substrates, even
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in the case of water-absorbable biomaterials. Using this technique, we have enhanced the
therapeutic properties of Surgifoam@, rendering it antimicrobial while increasing its absorption
capabilities. In a similar fashion, multiple substrates such as sutures, bandages, and nanofiber
matrices can be coated with therapeutics rapidly and effectively to generate sustained drug
release biomedical coatings.
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Chapter 6
Layer-by-Layer Assembled Hemostatic Coating
6.1 Introduction
Uncontrolled hemorrhage is the leading cause of death in military trauma and a
significant cause of patient mortality in civilian injuries [1, 144]. Traditional mechanical
methods of bleeding control include the use of tourniquets, compressive bandages, and ligation.
In many cases, these methods fail or cannot be used, including sites where compression is not
practical, such as a neck or groin injury [1, 4]. Recently, there has been much research
examining the use of hemostatic dressings that typically function by enhancing the clotting
cascade [1, 5]. Examples include fibrin dressings and glues, a chitosan based bandage (HemCon,
Inc.), and a zeolite based powder dressing (QuikClot, Z-Medica). Although several have shown
efficacy in animal studies [1, 2] and human use [4], there are many drawbacks to using these
hemostatic dressings. For example, fibrin products pose the risk of transferring infectious agents
and activating an adverse immune response, have low shelf-life, and are expensive [1, 5]. The
zeolite based powder is often impractical for use in windy environments and some formulations
are known to cause severe bums upon skin contact [1, 5]. Chitosan bandages are arguably the
most promising of the hemostatic dressings mentioned here, and have been adopted for use by
the Department of Defense [1]. The primary drawbacks of this dressing are that the mechanism
of action is not entirely understood and the bandage appears to be suitable only for noncomplex
wounds [1]. The bandage needs to make good contact with the skin surrounding the wound and
if this is not possible as may be the case with non-planar wound configurations, the bandage is
often unsuccessful in promoting hemostasis. As an alternative that addresses these drawbacks,
we have designed a versatile hemostatic coating that can be applied to existing clinically relevant
scaffolds to provide fast bleeding relief for a variety of wound conformations.
We have used the layer-by-layer (LbL) assembly technique to develop this hemostatic
coating. LbL assembly is based on the repetitive adsorption of materials with complementary
functionality to build a multilayer film [22], and has shown great promise for biological
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applications as previously discussed in Chapters 1 through 5 [44, 45, 47]. Here, we sought to
incorporate a large density of clotting factor Ila, also known as thrombin, into an LbL assembled
film. Thrombin is a serine protease downstream in the clotting cascade, cleaving fibrinogen to
form fibrin monomers and allowing its polymerization to form a clot. It serves numerous other
functions in the clotting cascade and in wound healing, including recruitment and proliferation of
inflammatory and mesenchymal cells and endothelial cell activation [145, 146]. We have
specifically used bovine thrombin in our studies, which is approved by the United States Food
and Drug Administration (FDA) for promoting hemostasis. Many studies, including our own
work described in Chapters 3 through 5, have shown that spray LbL assembly, in which film
components are aerosolized and sprayed at a substrate, further increases the practicality and
versatility of the LbL technique [14, 26, 27], allowing coating of complex substrates, including
porous and absorbent materials. Therefore, our primary focus was on creating a spray assembled
thrombin containing LbL film.
The use of hydrogen bonding interactions to assemble multilayer films has been studied
extensively [23, 57, 79, 147], and proteins have also previously been successfully incorporated
into LbL assembled films [30-34]. In this work, we explored the use of hydrogen bonding
interactions to assemble thrombin into thin coatings while preserving the efficacy of this protein.
To demonstrate a practical application of the films developed here, we applied them to an
absorbent gelatin sponge, Surgifoam@. As discussed in Chapter 5, typically Surgifoam@ is
soaked in thrombin prior to use in order to promote hemostasis where traditional mechanical
methods of bleeding control are unsuitable [138, 139]. By applying hemostatic films to these
sponges, we eliminate the need to prepare thrombin solutions and soak the sponge immediately
prior to use, which can save valuable time in a critical care situation. Here, we show the
development and characterization of these novel coatings, as well as their application to
Surgifoam@, and their efficacy in promoting hemostasis in a porcine spleen bleeding model.
6.2 Materials and Methods
6.2.1 Materials
Branched polyethyleneimine (BPEI, M, = 50-100 kDa) was obtained from Polysciences
(Warrington, PA). Tannic acid and mannitol were obtained from Sigma-Aldrich (St. Louis,
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MO). Dulbecco's phosphate buffered saline (PBS, 0.1 M) was purchased from Invitrogen
(Carlsbad, CA). TCNB buffer (pH 7.5) was formulated in deionized water containing 50 mM
Trizma, 1.1 mM calcium chloride, 150 mM sodium chloride, 0.05% Brij@ 35, and 0.2 g/L
bovine serum albumin each obtained from Sigma-Aldrich (St. Louis, MO). Silicon substrates
(test grade, n type) were obtained from Silicon Quest International (Santa Clara, CA). Quartz
crystal microbalance sensors (silicon dioxide coated, 50 nm) were purchased from Q-Sense
(Biolin Scientific, Linthicum, MD). High purity bovine thrombin powder (12.6% protein, 87.4%
mannitol and sodium chloride, BioPharm Laboratories, Bluffdale, UT) and Surgifoam@
absorbent gelatin sponges were generously donated by Ferrosan (Soeborg, Denmark). Deionized
water (18.2 MQ, Milli-Q Ultrapure Water System, Millipore) was utilized in all experiments.
6.2.2 Film Preparation
Films were prepared using spray LbL assembly with a programmable spray apparatus
(Svaya Nanotechnologies) as previously described in Chapter 3 [14]. The film architecture was
denoted (thrombin/tannic acid),, where n represents the number of bilayers deposited. Films
were assembled on silicon to characterize film growth and morphology and on Surgifoam@ to
examine efficacy. Prior to assembly on silicon, substrates were cleaned with deionized water,
methanol, and water again, and dried under nitrogen. The substrates were then plasma etched
with air in a Harrick PDC-32G plasma cleaner at high RF level for 60 seconds. Immediately
following plasma etching, the substrates were submerged in BPEI solution (2 mg/mL, pH 7.4, in
0.01 M PBS) for 20 minutes. Following this, substrates were rinsed with 0.01 M PBS (pH 7.4)
and dried under nitrogen. The bilayer film was then deposited, by spraying thrombin (1 mg/mL,
pH 7.4, in 0.01 M PBS) followed by tannic acid (2 mg/mL, pH 7.4, in 0.01 M PBS) each for 20
seconds at a flow rate of 0.25 mL/s. Following each deposition step, a 5 second rinse with 0.01
M PBS (pH 7.4) was sprayed at a flow rate of 0.25 mL/s. For depositing films on Surgifoam@, a
vacuum spray setup was used as described in Chapter 5 in which a 50 psi vacuum was applied to
the back of the sponge during the spray process. The sponge (approximately 1 cm x 5.5 cm x 4.5
cm) was first sprayed with BPEI for 20 seconds, followed by a 5 second PBS rinse. The bilayer
film was then deposited on the sponge with the same spray timings as the flat substrate. Films
on silicon were dried under nitrogen, while Surgifoam@ films were allowed to dry completely on
gentle house vacuum. All films were stored dry at 4 'C prior to subsequent analysis.
112
6.2.3 Characterization of Film Properties
Initially, film growth was characterized by using quartz crystal microbalance with
dissipation monitoring (QCM-D, Q-Sense E4). Silicon dioxide coated sensors (with
fundamental frequency of 4.95 MHz ± 50 kHz) were rinsed with deionized water, methanol, and
water again, and dried with nitrogen before use. Prior to deposition, the sensors were UV-ozone
treated for 20 minutes using a UV-Ozone ProCleaner (Bioforce). The sensor was placed in a
flow cell and changes in frequency and dissipation were monitored while flowing in film
deposition solution at 150 pL/min. The same solution concentrations and order of deposition
steps was used in QCM-D film growth studies as for spray film deposition. Total flow time was
5 minutes for the initial BPEI deposition, 15 minutes for thrombin, and 10 minutes for tannic
acid, with 5 minute PBS rinse steps between each deposition; a 5 bilayer film was deposited. To
determine if mannitol (which makes up approximately 90% of the thrombin powder as supplied)
contributed to film growth, assembly of a control film with architecture (mannitol/tannic acid)5
was attempted. The mannitol (1 mg/mL, pH 7.4, in 0.01 M PBS) deposition step was 15 minutes
long.
Spray film growth was monitored via profilometer (Dektak 150 Stylus Profiler, Bruker
AXS). Following spray film deposition on silicon substrates at varying bilayer numbers, films
were scored with a razor and tracked over a 700 pm scan length to measure film thickness. The
surface morphology of these films was monitored using a Dimension 3100 atomic force
microscope with Nanoscope 5 controller (Veeco Metrology) operated in tapping mode over 10
im by 10 pm areas. Root mean squared (RMS) roughness values were obtained using
Nanoscope Analysis 1.10 software (Veeco). Morphology of films sprayed on Surgifoam@ were
examined with scanning electron microscopy (JEOL JSM-6060).
Dissolution of films assembled on silicon substrates with n = 10, 25, and 50, was also
monitored. These films (approximately 1 cm2) were soaked in 500 pL of 0.01 M PBS at 37 'C.
At predetermined times, the films were removed from solution, dried under nitrogen, and film
thickness was determined using a profilometer as described earlier. This study was carried out
over 240 hours.
The absorption of 0.01 M PBS by Surgifoam@ was characterized before and after film
coating for n = 10, 25, and 50. Sponges were weighed and then submerged in 10 mL of 0.01 M
PBS for 10 minutes. Subsequently the sponge was removed from the solution and weighed
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again. The difference in mass before and after soaking corresponded to the mass of PBS
absorbed by the sponge.
6.2.4 Film Activity
All activity testing was conducted by Ferrosan (Soeborg, Denmark). Film activity was
assessed both in vitro and in vivo for Surgifoam@ coated with bilayer films (n = 10, 25, and 50).
In vitro, coated sponges were soaked in 10 mL of TCNB buffer at room temperature under
agitation for 10 minutes. Following this, these release solutions, along with standards of
thrombin, were tested using an automated coagulation analyzer (START 4, Diagnostica Stago) in
which the time for clot formation is measured once fibrinogen (10 mg/mL) solution is added to a
sample by monitoring the movement of a metal ball in solution between an applied magnetic
field.
In vivo activity of film coated Surgifoam@ (n = 10, 25, and 50) was determined in a
porcine spleen bleeding model. Controls of untreated gauze and Surgifoam@ coated with a
single monolayer of BPEI, were also tested. All animal tests were performed in accordance with
protocols approved by the Committee on Animal Care (Massachusetts Institute of Technology).
Danish country breed pigs were used in these studies which were conducted at Kobenhavns
Institute for Experimental Medicine (Denmark). Prior to surgery, pigs (approximately 40 kg)
were sedated and provided preoperative analgesia via intramuscular injection of a Zoletil@
mixture (0.1 mL/kg). This mixture was formulated from a vial of Zoletil 50@ (125 mg
Tiletamine and 125 mg Zolazepam) dissolved in 2.5 mL Turbogesic@ (Butorphanol, 10 mg/mL),
1.25 mL Ketaminol@ (Ketamin, 100 mg/mL), and 6.25 mL Rompun@ (xylazinhydrochloride, 20
mg/mL). Intraoperative anesthesia was maintained by intravenous administration of Propofol
(10 mg/mL, 1 mL/kg/hour) and Fentanyl (0.05 mg/mL, 0.5 mL/kg/hour). The anesthesia and
analgesia regimen used here is known not to affect hemostasis. Following anesthesia, pigs were
intubated and ventilated with a mixture of 0.5 L oxygen/2.5 L air/min. Pigs were kept fully
hydrated with infusion of lactated Ringer's solution (125 mL/hr).
Following anesthesia, the porcine spleen injury model was prepared. A midline
abdominal incision was made to expose the spleen. The spleen injury was induced with a punch
incision (8 mm wide and 3 mm deep). The bleeding intensity was evaluated on a 0 to 5 scale,
where: level 0 indicates no bleeding (for at least 30 seconds), level 1 indicates no bleeding
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initially followed by bleeding (within the first 30 seconds post injury), level 2 indicates bleeding
(site filling in approximately 30 seconds), level 3 indicates bleeding (site filling in approximately
3 seconds), level 4 indicates bleeding (site filling immediately with no arterial or pulsating
bleeding), and level 5 indicates bleeding (site filling immediately with arterial or pulsating
bleeding). Only wounds classified as level 4 or 5 were utilized in this study. A new incision was
created for each test sample (up to 16 samples were evaluated per pig). Immediately following
bleeding intensity evaluation, the test sample (2 cm x 2 cm piece of film coated Surgifoam@,
BPEI coated Surgifoam@, or untreated gauze, wet with 0.8 mL of 0.9% saline solution) was
placed directly on the injury and even digital pressure was applied for 60 seconds. The site was
monitored for up to 120 seconds. If bleeding was not observed in this time following
compression, hemostasis was achieved. However, if bleeding occurred within the 120 seconds
following compression, digital compression was applied again for 30 seconds, and the injury was
monitored. Digital compression and observation were repeated until hemostasis was achieved
(classified as 120 seconds free of bleeding) or until the test period reached 12 minutes (classified
as an ineffective sample). The final result of time to hemostasis was defined as the total testing
time to achieve hemostasis minus the final hemostasis evaluation period. Pigs were euthanized
with intravenous pentobarbital (300 mg/mL, 0.1 mL/kg) at the completion of the study.
6.2.5 Statistical Analysis
Film properties on silicon substrates and Surgifoam@ coating morphology and absorption
capabilities were evaluated for a minimum of three samples per each bilayer number. In vitro
activity testing was conducted for a minimum of three samples per bilayer number. In vivo
activity was monitored for 9 samples per each bilayer number and 9 controls. All data presented
here is represented as mean I standard deviation of these multiple trials. Data fitting and
analysis were conducted using GraphPad Prism 5 software.
6.3 Results and Discussion
6.3.1 Determining Film Architecture
To create thin hemostatic coatings, we sought to incorporate an essential clotting factor,
thrombin, into a layer-by-layer assembled thin film. Thrombin is a large protein with molecular
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weight of approximately 36 kDa [146] and an isoelectric point reported to lie between 7.0 and
7.6 [148, 149]. Additionally, thrombin has been shown to degrade rapidly at conditions far from
physiologic pH [149]. Therefore, deposition of thrombin in an LbL film is limited to physiologic
pH conditions, where thrombin is relatively neutral. Several amino acids in the thrombin protein
along with peptide bonds are capable of forming hydrogen bonds. As electrostatic interactions
would be unlikely to promote thrombin incorporation into a multilayer film at physiologic pH,
we explored hydrogen bonding interactions as an alternative. Additionally, hydrogen bonding
has been shown to contribute in the growth of films containing globular proteins and weak
polyacids depending on deposition pH [32]. Tannic acid is a polyphenol found in a variety of
food products and stains, and approved by the US FDA. It is also known to have many
beneficial biological properties, including antitumor, antibacterial, and antioxidant activity [147],
as well as reported interactions with proteins [150]. For its relatively small size (1.7 kDa), tannic
acid has an abundance of hydrogen bond donating phenolic groups, and a reported pKa near 8.5
[147]. It has recently been incorporated successfully in many hydrogen bonded LbL
architectures and importantly for our application here, was shown to assemble successfully at
physiologic pH [57, 147].
To test whether potential interactions between thrombin and tannic acid could be used to
assemble multilayer films at physiologic pH where thrombin is stable, QCM-D was employed to
monitor film growth. Two film architectures were attempted following an initial layer of BPEI
deposition, namely: (thrombin/tannic acid), and (mannitol/tannic acid),, up to n = 5. Both of
these architectures were attempted due to the fact that the bovine thrombin powder used in these
studies contains approximately 90% mannitol and 10% thrombin. The resulting frequency shift
for a single harmonic is shown in Figure 6-1 for each of these attempted film architectures.
Decreased frequency represents mass deposition. For the (thrombin/tannic acid)n architectures,
there is a significant deposition of thrombin and tannic acid at each respective deposition step,
with some desorption of material (increased frequency) during each wash step, signifying
removal of a small amount of non-specifically bound material. The overall decrease in
frequency at each step supports the formation of favorable hydrogen bonding interactions
between tannic acid and thrombin at this deposition condition. In contrast, the (mannitol/tannic
acid)n film does not appear to build. Although there is a small overall decrease in frequency for
this particular architecture, at each mannitol deposition step, there is no change in frequency,
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indicating no mass deposited. In fact, following the first tannic acid deposition step, every
mannitol step acts like a wash step, removing some of the bound tannic acid. This result was
expected, as mannitol consists of hydroxyl functional groups bound to an alkane backbone,
which are strong hydrogen bond donors; tannic acid also consists primarily of strong hydrogen
bond donors. This finding confirms that a (thrombin/tannic acid), LbL film can be constructed
successfully at pH 7.4, lacking interference from or incorporation of the mannitol excipient.
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Figure 6-1: Film growth monitored by quartz crystal microbalance. The growth of two different
architectures on a monolayer of BPEI are shown: (thrombin/tannic acid),, and (mannitol/tannic acid),,. The
start of BPEI, thrombin or mannitol, and tannic acid flow is indicated by labels above the graph, along with
each PBS wash step indicated by an arrow.
6.3.2 Spray Film Assembly and Characterization
After confirming that thrombin and tannic acid indeed interact and are able to formulate a
multilayer film, these films were constructed on flat substrates using the spray LbL assembly
technique. Figure 6-2 shows the growth profiles of films sprayed upon a monolayer of BPEI
with the architecture (thrombin/tannic acid),, for n = 10, 25, and 50. Additionally, the film
thickness per bilayer for each growth region (0 to 10 bilayers, 10 to 25 bilayers, and 25 to 50
bilayers) is also shown in Figure 6-2. With increasing film growth, the change in thickness per
bilayer decreases significantly, transitioning from approximately 11 nm/bilayer to 5 nm/bilayer
from 10 to 25 bilayers, and from 5 nm/bilayer to 2 nm/bilayer from 25 to 50 bilayers. This
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decrease in film thickness per bilayer number may result from the fact that tannic acid is a
significantly smaller molecule compared to the large thrombin protein; with an increasing
number of deposition steps, the tannic acid has a chance to interdiffuse significantly into the
underlying film architecture [14, 52]. This interdiffusion can alter film architecture, promoting
less thrombin adsorption at increasing bilayer numbers, translating directly to a lower increase in
dry film thickness. Additionally, this decrease in thickness per bilayer with increasing number of
bilayers may be due to incomplete reversal of hydrogen bonding functionality with each
deposition step.
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Figure 6-2: Thickness of sprayed (thrombin/tannic acid), films for n 10, 25, and 50. Both average film
thickness and the change in thickness per bilayer are shown for each growth region (0 to 10 bilayers, 10 to 25
bilayers, and 25 to 50 bilayers).
This same decrease in thrombin adsorption at increasing n occurred at just 5 bilayers in the
QCM-D growth of the same film architecture shown in Figure 6-1. The initial bilayer leads to a
frequency drop of approximately 140 Hz, corresponding directly to the total mass of thrombin
and tannic acid adsorbed in the first bilayer deposition. If this same drop in frequency were seen
for the following 4 bilayers, a final change in frequency (following the BPEI deposition and
wash step) of approximately 700 Hz would be expected. However, a total frequency drop of
only approximately 630 Hz was observed. QCM-D film deposition is more representative of a
dipped LbL film in which significantly longer deposition steps are needed to promote film
growth compared to spray assembly, which often leads to a greater degree of interdiffusion in
dipped films containing small molecules [14]. Therefore, dipped (thrombin/tannic acid)n films,
might be expected to show a more dramatic decrease in film growth than what was observed for
sprayed films and may even stop growing at a certain number of layers. Additionally, to confirm
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the lack of mannitol involvement in thrombin film growth, a film with architecture
(mannitol/tannic acid)50 was sprayed using the same spray timings and conditions as the
thrombin films. The result was highly non-uniform and patchy substrate coverage, with
maximum thickness of approximately 18 nm in some areas, further confirming that mannitol
does not interfere with thrombin film growth.
Figure 6-3 shows the morphology of these films measured via atomic force microscopy.
In general, the RMS roughness values, shown in Table 1, which also summarizes the final film
thicknesses, are found to increase with increasing film thickness. The RMS roughness values are
approximately 28% to 40% of the final film thickness depending on bilayer number. In general,
these films are quite rough in comparison to typical spray assembled films that contain small
molecules and a variety of polymers, which are seen to have low roughness values in the range
of just a few nanometers for films greater than 100 bilayers [14]. In previously assembled
hydrogen bonded films formulated with block copolymer micelles and tannic acid, RMS
roughness values of approximately 40% of the final film thickness were noted [57], which is
comparable to the films developed here. These large roughness values may result from the fact
that these films are comprised solely of a protein and a small molecule, which is in contrast to
typical protein LbL assembly which usually contains several polymeric components [31, 34].
n= 10 n= 25 n= 50
10 pm x 10 pm
0 nm Zmax
Figure 6-3: Sprayed (thrombin/tannic acid),, film morphology measured by atomic force microscopy for n
10, 25, and 50. Each image is 10 im x 10 pm, and zm.x = 360 nm, 380 nm, and 440 nm for n = 10, 25, and 50,
respectively.
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Table 6-1: Sprayed (thrombin/tannic acid), film characteristics.
Number of bilayers n= 10 n =25 n = 50
Average thickness (nm) 108.6 ± 12.4 185.6 19.6 240.9 ± 28.4
RMS roughness (nm) 46.3 ±3.7 51.9 ±4.2 66.8± 11.5
Y" (nm) 89.0 173.3 208.1
R2 0.75 0.95 0.87
k (hours-) 8.2 x 10 7.5 x 10' 6.5 x 10_
Release t1 2 (hours) 84.8 92.6 107.3
Following assembly of films at n = 10, 25, and 50 bilayers, the dissolution of each of
these films on flat substrates was examined. Figure 6-4 shows the absolute and normalized
thickness over approximately 10 days in PBS. The following model for one-phase decay was fit
to each of these data sets:
Y = Ye-kt
In this equation, Y is the film thickness, Y, is the initial film thickness, t is the time, and k is the
rate constant (hours-'). By fitting this data, we estimated the dissolution rate constants for these
films in PBS and the half-life for release (t1/2 ). The Yo, goodness of fit (R2), k, and tj12 , for n=
10, 25, and 50, are given in Table 1.
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Figure 6-4: Sprayed (thrombin/tannic acid), film degradation
time. B.) Normalized film thickness over time.
0 50 100 150
Time (hours)
200
for n = 10, 25, and 50. A.) Film thickness over
Overall, dissolution of these films is slow following the initial loss of approximately 25 to 47%
of the film thickness in the first few hours of release. This can be expected as there is no
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significant driving force for film dissolution at these release conditions (the same pH and ionic
strength in which the films were initially assembled); release is simply diffusion based.
6.3.3 Film Activity
To enhance hemostatic capabilities of the absorbent gelatin sponge, Surgifoam@, the
sponge is soaked in thrombin solution immediately prior to use, which can often waste crucial
time [139]. In this work, we sought to prefunctionalize these sponges with our hemostat
containing films, eliminating the need for sponge preparation prior to use. After characterizing
the properties of these LbL films on flat substrates, the films were assembled on Surgifoam@
using the vacuum spray assembly technique described in Chapter 5. Aerial scanning electron
microscopy images of films assembled on these sponges at n = 10, 25, and 50 bilayers are shown
in Figure 6-5 along with an uncoated sponge. Overall, the thin film is visible as a coating of the
pores, but the underlying sponge architecture is completely maintained. A quick test of PBS
absorption in each of these coated sponges compared to uncoated sponges, did not lead to any
notable change in sponge absorption compared to uncoated sponges. This is in contrast to the
increased absorption of Surgifoam@ coated with antibiotic containing films described in Chapter
5, which were significantly thicker than the thrombin films developed here and shown to be
significantly hydrophilic compared to the Surgifoam@.
n=0 n=10 n=25 n=50
Figure 6-5: Sprayed (thrombin/tannic acid),, coated Surgifoam@ morphology for n = 0, 10, 25, and 50 (scale
bar = 200 sm).
Following spray coating of the LbL film architecture on the Surgifoam@, the activity of
these sponges was tested both in vitro and in vivo. In vitro, films were soaked in buffer solution
and activity was monitored by looking at fibrin clot formation upon exposing this solution to
fibrinogen. Activity was monitored after soaking the coated sponge for various times ranging
from 10 minutes up to 6 days. No change in film activity was seen over this time which may be
attributed either to the very slow dissolution of these films or the possibility that all of the
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thrombin releases rapidly. Figure 6-6 shows the activity of the solution in which coated sponges
were soaked for 10 minutes expressed in both international units (IU) per milligram of sponge
and IU per square centimeter of sponge. Additionally, Figure 6-6 shows a plot of activity
simultaneously with increasing film thickness; the activity increases in a similar manner to the
film thickness as expected. The activity seen at each of the three bilayer numbers are clinically
relevant, where 1 IU of thrombin activity is known to clot 1 mL of plasma in 15 seconds [151,
152].
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Figure 6-6: Activity of film coated Surgifoam@ at n 10, 25, and 50. A.) Activity expressed as international
units (IU) per square centimeter of coated Surgifoam@ and IU per milligram of Surgifoam@. B.) Flat
surface film thickness and activity of coated Surgifoam@ (IU/cm 2). Activity data was provided by Ferrosan
(Soeborg, Denmark).
To examine the in vivo activity of these films, coated Surgifoam@ sponges were tested in
a porcine spleen bleeding model. As controls, a sponge coated with a monolayer of BPEI and
uncoated gauze were also tested. A representative surgery image and the results of this study are
shown in Figure 6-7. The results for application of the uncoated gauze control are not shown in
Figure 6-7B; these samples did not promote any hemostasis over the 12 minute test period.
From Figure 6-7B, we can see the results for time to hemostasis for each of the three bilayer
formulations and the BPEI control. Once the test sample was placed on the bleeding wound, 60
seconds of digital compression was always applied. Following this initial compression, it can be
seen that none of the three bilayer formulations required any additional time or compression to
promote hemostasis. The wound had essentially stopped bleeding during the 60 second
compression period. For the BPEI control, however, an additional 104 ± 27 seconds were
needed to stop bleeding from the wound, including an additional 30 second compression period
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following the first compression. The potential differences between each of the varying bilayer
number coatings could not be differentiated in this in vivo assay, most likely due to the standard
60 second compression period and/or the positive feedback of thrombin. However, from in vitro
assays, we know that there are varying concentrations of thrombin in these films as expected
based on studies of film growth, morphology, and degradation. Overall, all of the film coated
sponges act instantaneously following the initial compression, with greatly enhanced activity
compared to a BPEI coated sponge control which requires additional compression and time to
reach hemostasis. Therefore, the (thrombin/tannic acid)n film architecture appears to be highly
promising in promoting hemostasis in a clinically relevant animal model at as few as 10 bilayers.
A.) B.)
200- initial compression
M additional time
150-
100-
50
0
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# of bilayers
Figure 6-7: In vivo activity of (thrombin/tannic acid),, coated Surgifoam@ for n = 10, 25, and 50, and BPEI
control in a porcine spleen bleeding model. A.) Representative image of the porcine spleen bleeding model.
B.) Time to hemostasis following sample application. Figure data provided by Ferrosan (Soeborg, Denmark).
6.4 Conclusions
In this work, we have formulated a novel multilayer film aimed at promoting hemostasis,
by using the spray LbL assembly technique. In contrast to traditional multilayer films, our
architecture does not contain any polymeric component. The films were formulated based on
novel interactions found to exist between a clotting factor, thrombin, and a small polyphenol,
tannic acid at physiologic pH. Each of these materials is FDA approved, making these films
amenable to rapid clinical translation. We demonstrated the practical applicability of these films
to a clinically relevant absorbent gelatin sponge, Surgifoam@. The efficacy of these sponges
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was shown in a porcine spleen bleeding model, where film coated sponges instantaneously
promoted hemostasis following a short digital compression period. Due to the versatility of the
spray LbL assembly technique, these films have the potential to be used on a variety of
substrates like Surgifoam@ to address the unmet challenge of promoting rapid hemostasis at
complex wound sites which are not amenable to traditional mechanical methods of bleeding
control.
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Chapter 7
Effects of Side Group Functionality and Molecular
Weight on the Activity of Synthetic Antimicrobial
Polypeptides
7.1 Introduction
Infectious diseases cause serious complications in a wide range of medical procedures.
The severity of these infections is augmented by two primary factors: (1) biofilm formation and
(2) drug-resistant bacteria [153]. Several methods for controlling the formation and growth of
biofilms have been proposed; however, the use of appropriately functionalized surfaces that
prevent the critical step of microbial attachment on an implant may be the most effective method
for preventing biofilm formation entirely. Along with chronic infection due to biofilms, drug
resistance in planktonic bacteria is a prominent factor that is making treatment of infections
increasingly more difficult [65]. The systemic overuse of broad-spectrum antibiotics has led to a
severe rise in multi-drug resistant bacteria over the last several decades. Compounded by a lack
of discovery and approval of new classes of antibiotics, there is a pressing need for the
development of novel antimicrobial agents [65, 153].
The use of naturally occurring antimicrobial peptides (AmPs) for infection treatment is
being explored as a new class of therapeutics [13, 98]. These cationic peptides are part of the
eukaryote immune system and are highly broad-spectrum, active against Gram-positive, Gram-
negative, and drug-resistant bacteria, as well as fungi and viruses. Several modes of AmP
activity have been proposed, all suggesting a low propensity for the development of resistance
[69, 70]. Additionally, AmPs have been shown to act rapidly [154] prevent biofilm formation,8
and be successfully incorporated and released from polymer multilayers [13, 72, 155]. Despite
their therapeutic potential for infection control, the practical applicability of AmPs is thus far
limited. AmP production methods are traditionally expensive and are implicated as the principal
obstacle in preventing widespread AmP use [154]. Additionally, significantly larger doses of
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AmPs are required for activity comparable to conventional antibiotics; however, at these large
concentrations, AmPs have been shown to induce toxicity in mammalian cells [13, 81, 95, 154].
The cost-effective and efficient development of novel AmPs which yield comparable activity to
natural AmPs and have a high degree of biocompatibility, will ultimately allow for clinical
translation of these promising therapeutics.
Cationic polymers can be selectively designed to exhibit high levels of antimicrobial
activity, are relatively inexpensive to synthesize, and can be produced on a large scale [153]. To
design these antimicrobial polymers, typically a combination of cationic and hydrophobic groups
are dispersed along a polymer backbone [156-160], or hydrophobic long chain N-alkylated
quartemary ammonium groups are utilized [17, 18, 161-163]. It is hypothesized that the
quaternary amine polymers function by interacting with the bacterial membrane, which leads to
loss in membrane integrity and cell death. Several polymers synthesized utilizing these
strategies, including polyethyleneimines [17, 18, 161, 164], polymethacrylates [156, 163],
polydiallyammonium salts [16, 162, 165], polyarylamides [157, 158], protonated polystyrenes
[166], and polynorbomenes [167], have shown a high degree of antimicrobial activity; however
these polymers are non-biodegradable and in some cases, cytotoxic, rendering them unsuitable
for many biomedical applications. Alternatively, it was recently demonstrated that synthetic
antimicrobial polypeptides can be synthesized by the ring opening polymerization (ROP) of the
N-carboxyanhydrides (NCA) of cationic (lysine) and hydrophobic (alanine, phenylalanine, or
leucine) amino acid residues, creating a biodegradable synthetic AmP mimic. These polymers
showed antimicrobial activity comparable to naturally occurring AmPs but have a high degree of
hemolytic activity [159], making them unsuitable for systemic administration.
We recently introduced a new strategy to synthesize polypeptides that can be
quantitatively modified with a broad range of side functional groups through the direct ring
opening polymerization (ROP) of y-propargyl-L-glutamate to generate poly(propargyl-L-
glutamate) (PPLG) and the subsequent alkyne-azide cycloaddition click reaction of substituted
alkynes [168, 169]. This strategy of a clickable polypeptide backbone was first used to
synthesize densely grafted polypeptide brushes and, more recently, glycopeptides with near
quantitative side group functionalization [168, 170]. This paper reports the first use of clickable
polypeptides for synthesizing antimicrobial agents. As a promising alternative to currently
existing antimicrobial polymers, we have synthesized and characterized a library of synthetic
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cationic homopolypeptides that mimic naturally occurring AmPs, shown in Figure 7-1. The new
antimicrobial polypeptides range in length from 30 to 140 repeat units and they have varied side
group functionality, including primary, secondary, tertiary, and quatemary amines with
hydrocarbon side chains ranging from 1 to 12 carbons long. Table 7-1 summarizes the polymers
investigated and indicates whether they were tested for coating applications and/or solution
antimicrobial activity. We have denoted the quaternary amine polypeptides as QCn, where Q
indicates that the amine is quaternary and Cn indicates a carbon side chain of length n. The
effect of the side chain functionality and the polypeptide length was evaluated using a modified
microdilution assay to determine the minimum inhibitory concentration (MIC), or the lowest
point at which visible bacteria growth is inhibited [104], against a model Gram-negative
(Escherichia coli K-1) and a model Gram-positive bacteria (Staphylococcus aureus 25923). A
bacteria attachment assay was also carried out on polypeptide coatings to evaluate their potential
efficacy for use as antimicrobial surface coatings. As an initial measure of biocompatibility, red
blood cell (RBC) lysis was monitored in the presence of these polypeptides.
0 0NN
CH3(CH2)64N NH2  R-N3 CH3(CH2)6 N NH2  P H2
H Y Cur-H Y Br-
H CuBr'
PMDETA
O O DMF O O00 DF00 Secondary N3,,-,N Br-
N H 1-NQ81 N 3  N
Dimethyl N3~~NBr- 6
NQC60 N 3 N:,
N Br-QC1 ~C1 N3,,,,
001 N3 Br 8
QC12 N
Br. 10
Figure 7-1: Alkyne-azide cycloaddition click functionalization of PPLG and various amine side groups. The
abbreviation Q indicates that the amine is quaternary and Cn indicates a carbon chain length with n repeat
units.
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Table 7-1: Summary of polypeptides tested.a
Quaternary
DP Primary Secondary Tertiary QC1 QC4 QC6 QC8 QC10 QC12
30
56
75
140
Tested for MIC and
Tested for MIC Not tested
coatings
aHere DP is the degree of polymerization of the polypeptide. Primary, secondary, tertiary, and
quaternary represent the degree of the amine functionalized side chains. For polypeptides
defined as QCn, Q = quaternary and Cn = carbon side chain length of n.
7.2 Materials and Methods
7.2.1 Polypeptide Synthesis and Physical Characterization
7.2.1.1 Materials
L-(+)-glutamic acid, 99% minimum was purchased from EMD Chemicals (Gibbstown,
NJ). 3-dimethylaminopropylchloride hydrochloride, 99% was purchased from Acros Organics
(Geel, Belgium). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). All
materials were used as received.
7.2.1.2 General Experimental Methods
1H-NMR and 3C NMR were recorded on Bruker 400 MHz FT-NMR spectrometers.
Fourier transform infrared (FTIR) spectra were recorded on a Thermo Nicolet NEXUS 870
series spectrophotometer. Atomic force microscopy images were taken with a Dimension 3100
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scanning probe microscope (Veeco). Polymer film thicknesses were obtained using a Dektak
150 surface profiler (Veeco). Gel permeation chromatography measurements were carried out
using a Waters' Breeze 1525 HPLC system equipped with two Polypore columns operated at
750C, series 2414 refractive index detector, series 1525 binary HPLC pump, and 717 plus
autosampler. Waters' Breeze Chromatography Software Version 3.30 was used for data
collection as well as data processing. DMF with 0.01M LiBr was the eluent for analysis, and
samples were dissolved at 4-6 mg/mL in DMF. The average molecular weight of the sample was
calibrated against narrow molecular weight poly(methyl methacrylate) standards. Circular
dichroism (CD) spectroscopy of polymer solution was carried out by using an Aviv model 202
CD spectrometer. Measurements were performed at 25 + 0.1 0C, sampling every 1 nm with a 3 s
averaging time over the range of 195-260 nm (bandwidth = 1.0 nm). Measurements were taken
using a cell with a 1 mm path length.
7.2.1.3 Synthesis of Poly(y-propargyl L-glutamate)
PPLG was synthesized as previously described [168, 169]. Briefly, L-(+)-glutamate was
reacted with propargyl alcohol to form y-propargyl L-glutamate, using chlorotrimethylsilane
[171]. The NCA ring was formed by reacting y-propargyl L-glutamate with triphosgene [172].
PPLG was prepared by ROP of y-propargyl L-glutamate NCA, initiated with heptylamine. The
reaction was performed in DMF at room temperature and the polymer was recovered by
precipitation into diethylether.
7.2.1.4 Synthesis of Amino Azides
Primary, secondary, and tertiary amino azides were synthesized as previously described
[169, 173]. The quaternary amines were prepared following the protocol presented by Vial et al
[174]. Briefly, in a typical experiment, 3-azido-N,N-dimethylpropan-l-amine (0.5 g, 3.9 mmol)
was dissolved in methanol (5 mL) and added to the haloalkane (bromododecane 0.88 g, 3.54 g)
dissolved in methanol (5 mL). The reaction mixture was refluxed for 20 hours and then cooled
to room temperature. The methanol and any unreacted 3-azido-N,N-dimethylpropan-1-amine
was removed under high vacuum. QC12 'H-NMR (400MHz, CDCl 3) 6=3.71 (m, 2H, CH 2N),
3.56 (t, 2H, N3 CH 2), 3.46 (m, 2H, NCH2), 3.40 (s, 6H, CH 3), 2.04 (m, 2H, CH2 ), 1.70 (in, 2H,
CH 2), 1.33 (in, 2H, CH 2 ), 1.23 (in, 18H, (CH 2)9), 0.85 (t, 3H, CH 3). QC8 'H-NMR (400MHz,
CDCl 3) 6=3.66 (in, 2H, CH2N), 3.54 (t, 2H, N3CH2), 3.43 (in, 2H, NCH 2), 3.36 (s, 6H, CH3 ),
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2.01 (in, 2H, CH 2), 1.68 (in, 2H, CH 2), 1.31 (in, 4H, CH 2 CH 2), 1.23 (in, 6H, (CH 2 )3), 0.82 (in,
3H, CH 3). QC4 'H-NMR 6=3.66 (m, 2H, CH 2N), 3.55 (t, 2H, N3CH2), 3.49 (m, 2H, NCH 2),
3.33 (s, 6H, CH 3 ), 2.01 (m, 2H, CH 2), 1.66 (in, 2H, CH 2), 1.37 (in, 2H, CH 2), 0.94 (in, 3H, CH 3)
(400MHz, CDCl 3). QC1 I'H-NMR (400MHz, D20) 6=3.50 (t, 2H, N3CH2), 3.45 (m, 2H, NCH 2),
3.15 (s, 9H, CH3), 2.10 (m, 2H, CH 2).
7.2.1.5 Synthesis of Amino Functionalized PPLG
A typical procedure started with a feed ratio of alkyne/azide/CuBr/N,N,N',N',N"-
pentamethyldiethylenetriamine (PMDETA) equal to 1/1.2/0.1/0.1 for primary, secondary,
tertiary, and QC1 amines and a feed ratio of 1/1.1/0.1/0.1 for QC4-QC12. PPLG (0.050 g, 0.299
mmol alkyne repeat units), amino azide (0.124 g, 0.329 mmol QC12 azide), and PMDETA (6.25
tL, 0.0299 mmol) were all dissolved in DMF (3 mL). After the solution was degassed, the CuBr
catalyst (0.0043 g, 0.0299 mmol) was added and the reaction solution was stirred at room
temperature. Once the reaction was complete, the reaction solution was purified by dialysis
against water acidified by HCl (pH < 4) for 2-3 days to remove excess amino azide and copper
catalyst. The polymer structure was verified by IH-NMR.
7.2.1.6 Water Solubility and Substrate Coating Experiments
All polypeptides were tested for their water solubility characteristics. Each polypeptide
(50 mg) was placed in a glass vial and water (1 mL) was added. The polymers were agitated at
37'C. Upon visual inspection for clouding or precipitation, polypeptide solubility was
determined. For coating experiments, the QCn (ni> 4) polypeptides were dissolved at 5 mg/mL
in methanol. These polymers were solvent cast by applying 75 tL of polymer solution to each
side of a round glass cover slip (VWR, West Chester, PA) and allowing the substrates to dry.
Following this, the thickness of each solvent cast polymer film was obtained. Surface
morphology was characterized using atomic force microscopy. Coated substrates and uncoated
control samples were subsequently placed in 3 mL of bacteria culture media for 2 hours at 37'C.
Following incubation, substrates were removed, rinsed with DI-water, and dried. Film thickness
and surface morphology was examined again.
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7.2.2 Polypeptide Antimicrobial Characterization
7.2.2.1 Materials
Staphylococcus aureus 25923 (S. aureus) and Escherichia coli K-12 (E. co/i) were
obtained from ATCC (Manassas, VA) and the E. coli Genetic Stock Center (New Haven, CT),
respectively. Cation-adjusted Mueller Hinton Broth (CaMHB), LB-Miller Broth (LB), Bacto
agar, and trypticase soy agar plates (w/ 5% sheep blood) were obtained from BD Biosciences
(San Jose, CA). Bovine RBCs were obtained from Innovative Research (Novi, MI). Trizma
hydrochloride buffer and ultrapure distilled water were obtained from Sigma-Aldrich (St. Louis,
MO) and Invitrogen (Carlsbad, CA), respectively. Triton-X 100 was purchased from Electron
Microscopy Sciences (Hatfield, PA).
7.2.2.2 General Experimental Methods
A BioTek PowerWave XS plate reader was used for all 96 well plate absorbance
measurements. Samples in all experiments were tested in triplicate; experiments were repeated a
minimum of three times. All error bars reported are standard deviations of these experimental
repeats.
7.2.2.3 Bacterial Growth Inhibition
Bacterial growth inhibition was examined to determine MIC values for the polypeptides.
Bacterial growth inhibition for primary, secondary, tertiary, and QC1 polypeptides was
monitored using a modified microdilution assay, as described in Chapter 2 and 3 [13, 14]. To
summarize, polypeptide samples were serially diluted in a 96 well clear bottom plate in DI-water
upon sterile filtration (0.2 ptm pore size); the range of concentrations tested spanned from 70 -
4500 pg/mL. QCn (n> 4) polypeptides were dissolved and diluted in methanol. The methanol
was allowed to evaporate, leaving a polymer coating on the surface; the range of concentrations
tested spanned from 20 - 2500 ptg/mL (corresponding to a surface density of average mass of
polymer per unit area of 6.1 - 780 ptg/cm 2 calculated by dividing the total polymer mass in the
well by the surface area of the well). This method of sample preparation was selected to mirror
the attachment assay sample preparation outlined below. Bacteria (S. aureus or E. co/i) were
added to these wells in their exponential growth phase at a final concentration of 105 CFU/mL.
Positive controls with no polypeptide and only bacteria treatment and negative controls with no
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bacteria (containing only CaMHB or LB) were included on each plate. Plates were incubated at
37 'C for 16-18 hours with constant shaking. Following incubation, the absorbance of each well
was read at 600 nm for S. aureus and 540 nm for E. coli. Normalized bacteria density was
calculated as follows:
Normalized Bacteria Density = (Sample Abs-Negative Control Abs)(Positive Control Abs-Negative Control Abs)*
7.2.2.4 Bacterial Attachment Inhibition
Inhibition of bacterial attachment to QCn (a 4) polypeptide coatings was assessed as
previously described in Chapter 2 [13]. Briefly, solvent cast polypeptide substrates were
prepared by dissolving these polymers at a concentration of 5 mg/mL in methanol and evenly
coating round glass cover slips with a 12 mm diameter (VWR, West Chester, PA) yielding a
final polypeptide coverage of 330 tg/cm 2 upon drying. These samples were incubated at 37'C in
either S. aureus or F. coli suspensions at a concentration of 106 CFU/mL for 2 hours. Controls
of uncoated substrates were also incubated in these bacteria suspensions. Following incubation,
substrates and controls were removed and rinsed briefly in three separate sterile water baths and
placed immediately on trypticase soy agar plates (w/ 5% sheep blood). These agar plates were
incubated at 37 'C for 16-18 hours. The presence of colonies upon incubation was monitored via
digital imaging.
7.2.2.5 Polymer Hemolytic Activity
Bovine RBC hemolysis was monitored as a measure of polypeptide biocompatibility
adapted from previously reported protocols [159, 175]. Polypeptide samples were prepared for
testing by dissolving in tris buffer (10 mM tris hydrochloride, 150 mM sodium chloride) for
primary, secondary, tertiary, and QC 1 polymers and methanol for QcOn 4a polymers.
Samples were added in triplicate to a 96 well clear bottom plate and serial diluted (100 ptL final
volume in each well), with a concentration range of 39 to 5000 tg/mL. For QCn (n > 4)
polymers, solutions were allowed to evaporate, leaving a thin polymer coating on each well with
surface coverage ranging from 12.2 - 1560 tg/cm 2. Negative controls of untreated wells and
positive controls of 1% triton-X solution were added to control wells in each plate. Upon
evaporation of methanol for QCn (n> 4) polypeptides, tris buffer (100 piL) was added to each
well. Bovine RBCs (5% in tris buffer) were added to each sample and control wells (100 piL).
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These plates were subsequently incubated with agitation at 370C. Following incubation, plates
were centrifuged at 1000 RPM for 5 minutes. Samples (75 pL) were transferred to a fresh 96
well clear bottom plate and the absorbance of each well at 540 nm was determined. Final
normalized hemolysis was calculated as follows:
Normalized Hemolysis = (Sample Abss40 -Negative Control Abs 5 4 0)
(Positive Control Abs 540 -Negative Control Abs 5 40 Y
7.3 Results and Discussion
7.3.1 Antimicrobial Polypeptide Synthesis
To design and synthesize a family of antimicrobial synthetic polypeptides that mimic
naturally occurring AmPs, we systematically varied the amino side chain functionality and
polymer chain length of PPLG to determine the optimal polymer composition for the growth
inhibition of both Gram-negative and Gram-positive bacteria as well as the prevention of biofilm
formation by these bacteria. PPLG at four different degrees of polymerization (DP) from 30 to
140 repeat units was synthesized as previously described [168]. Figure 7-2A shows a
representative 'H-NMR spectrum of PPLG (DP = 140) which confirms the polymer structure.
GPC traces of the PPLG backbone indicate that these polymers have a narrow molecular weight
distribution with polydispersities (PDI) between 1.09 and 1.25, as shown in Figure 7-3. Various
amine functional groups were coupled to the PPLG using the copper catalyzed alkyne-azide
cycloaddition click reaction, shown in Figure 7-1. 'H-NMR was used to confirm the coupling
efficiency of the click reaction. Representative 'H-NMR of QC1 and QC6 substituted PPLG
(DP = 140) compared to the 'H-NMR of PPLG (DP = 140) are shown in Figure 7-2. In all cases,
the coupling efficiency of the click reaction was near quantitative, as indicated by the
disappearance of the PPLG alkyne peak (a, 3.4 ppm) and ester peak (b, 4.7 ppm) in Figure 7-2A
and the appearance of a new ester peak (k, 5.2 ppm) in Figures 7-2B and 7-2C. Furthermore, the
peak integration for all samples tested was as expected for near quantitative substitution. For
polymers analyzed in D20, the original backbone peak (d, 2.0 ppm) did not overlap with the
newly added side chains. This peak was used to determine the percent conversion of alkyne to
triazole ring. For example, in Figure 7-2B, the integration of the backbone peak (d, 2.0 ppm)
was compared to the integration of the triazole peak (m, 8.1 ppm) giving a substitution of 99.3%.
When comparing the integration to other peaks, the substitution rate ranged from 94.4-99.7%.
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Figure 7-2: A.) 1H-NMR spectrum of PPLG (DP = 140) in d7 DMF. B.) 1H-NMR spectrum of PPLG (DP =
140) functionalized with QC1 in D20. C.) 1H-NMR spectrum of PPLG (DP = 140) functionalized with QC6 in
CD 30D.
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Figure 7-3: Molecular weight distribution of PPLG obtained using a DMF GPC and calculated using PMMA
standards. The degree of polymerization was determined by 'H-NMR.
Table 7-1 summarizes the polymers synthesized and how they were tested. To determine
how to best test these polymers, water solubility and substrate coating experiments were
performed. The water solubility of all polypeptides (except QC12 which is completely water
insoluble) was determined to be greater than 50 mg/mL which was assumed to exceed what is
necessary for MIC testing. Substrate coating experiments were performed to determine if these
polymers are candidates for anti-biofilm coatings. Although, they have high water solubility, the
QCn (n;> 4) polymers also have surfactant like properties, c ausing them to readily adhere to
surfaces. Glass substrates were coated by solvent casting these polymers from a methanol
solution at a set concentration and dry film thicknesses were measured. Following exposure to
bacteria culture media, film thicknesses were measured again. A significant amount of smooth
polymer film remained on the substrate, which was estimated to be equivalent to at least 30
monolayers of packed polypeptide. A detailed discussion of this calculation as well as the
thickness measurements can be found in Appendix C. Based on the solubility and surface
adsorption characteristics, the primary, secondary, tertiary, and QC1 polymers were tested for
bacteria growth inhibition using the microdilution assay, and QCn (1k 4) polymers were t ested
for both bacteria growth inhibition and activity against bacteria attachment. Several of these
polymers have potential for use in systemic or localized antimicrobial delivery applications; the
QCn (n> 4) polymers may be suitable for semi -permanent antimicrobial coatings on medical
devices.
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7.3.2 Bacterial Growth Inhibition
We quantified the activity of all polypeptides synthesized in this work against two classes
of bacteria that are commonly associated with infection. S. aureus and E. coli were chosen as
model Gram-positive and Gram-negative bacteria, respectively. The effect of the polypeptides
on the inhibition of bacterial growth was examined using a modified liquid microdilution assay
for the primary, secondary, tertiary, and QC1 polypeptides as highlighted in Table 7-1. For the
purposes of this work, we have expressed MIC as a polypeptide concentration range over which
bacteria density normalized to a positive control of untreated bacteria and a negative control of
growth media is found to decrease from greater than or equal to 0.1 to less than or equal to 0.02
(where 1.0 indicates the positive control). Samples that did not exhibit a significant decrease
over the polypeptide concentration range of 70 - 4500 ptg/mL and maintained a normalized
bacteria density> 1.0 at the highest tested concentration were defined as inactive. Figures 7-4A
and 4B show the results of this assay for the primary amine functionalized polypeptides of
varying molecular weight for S. aureus and E. coli, respectively. As seen in Figure 7-4A, there
is a clear molecular weight dependence on S. aureus growth inhibition, for which the lowest
molecular weight primary amine polypeptide (DP = 30) shows no S. aureus inhibition and the
highest molecular weight (DP = 140) is the most active, with a MIC between 70.3 - 140.6
pg/mL. This MIC for S. aureus is comparable and in some cases lower than many highly
effective naturally occurring antimicrobial peptides, including cecropin A and B, magainin 1 and
2, and defensin [158, 159]. Table 7-2 summarizes the MIC for the primary, secondary, tertiary,
and QC 1 polypeptides tested against S. aureus as well as the normalized bacteria inhibition at the
highest polypeptide concentration tested, 4500 ptg/mL. Along with the highest molecular weight
primary amine, the highest molecular weight secondary amine polypeptide also exhibits an MIC
for S. aureus that is comparable to natural AmPs, between 140.6 - 281.3 pg/mL. The tertiary
and quaternary (QC 1) amine samples do not show any significant S. aureus growth inhibition.
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Figure 7-4: Bacteria growth inhibition for primary amine functionalized polymers based on normalized
turbidity measurements. A.) S. aureus normalized bacteria density at varying polymer concentrations. B.) E.
coli normalized bacteria density at varying polymer concentrations (*high turbidity was observed for DP =
140 polypeptides at concentrations of 4500 - 1125 pg/mL due to polypeptide precipitate forming; in these
cases, however, complete bacteria growth inhibition was observed based on clear solution surrounding the
polypeptide precipitate).
Table 7-2: Staphylococcus aureus growth inhibition properties.
Primary Secondary Tertiary Quaternary (QC1)
DP MICa Normalized MICa Normalized MICa Normalized MICa Normalized
densityb density density densit
30 NA 1.4 ±0.1 NA 1.6 0.2 NA 1.5 0.4 NA 1.1 ±0.2
56 1125- <0.05 NA 1.2 ±0.1 NA 0.9 ±0.1 NA 1.3 ±0.05
2250
75 562.5- < 0.05 >4500 0.8 ± 0.2 NA 1.2 ± 0.3 NA 1.1 ± 0.2
1125
140 70.3- <0.05 140.6- <0.05 NA 1.0 ± 0.2 >4500 0.6 ± 0.1
140.6 281.3
aMIC is in pg/mL. No activity (NA) was defined as normalized dengitg.0 at polypeptide
concentration of 4500 pg/mL.
bNormalized density is shown for bacteria exposed to 4500 pg/mL polypeptide.
Examining the polypeptides against E. coli growth, the primary amine samples were
again found to be highly active against growth of this Gram-negative bacteria. Figure 7-4B
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shows the results of E. coli growth inhibition for the four primary amine functionalized
polypeptides. The molecular weight dependence is not as strongly visible with E. coli as with S.
aureus; here the MIC against E. coli is found to lie between 562.5 - 1125 tg/mL for the three
highest molecular weight primary amine polypeptides (DP = 56, 75, and 140). What appears as
a bacteria densit) 1.0 in Figure 7-4B (for DP = 140) was optically visible polypeptide
precipitate due to the test media conditions in a clear bacteria solution (signifying no bacteria
present). Even the lowest molecular weight primary amine (DP = 30) exhibited approximately
70% inhibition of E. coli bacteria growth upon exposure to the 4500 ptg/mL polypeptide
concentration, although the same polymer was inactive at all concentrations for S. aureus. This
was an unexpected finding, as traditionally, treatment of Gram-negative bacteria has been more
difficult than Gram-positive strains due to the more complex membrane structure of these
bacteria [65].
Table 7-3: Escherichia coli growth inhibition properties.
Primary Secondary Tertiary Quaternary (QC1)
DP MICa Normalized MICa Normalized MICa Normalized MICa Normalized
densityb density density density
30 >4500 0.3 ±0.03 NA 1.0 ±0.2 NA 1.0 ± 0.02 NA 0.8 ±0.2
56 562.5- <0.05 >4500 0.5 ± 0.04 NA 0.06 >4500 0.6 ± 0.06
1125
75 562.5- <0.05 >4500 0.2 ± 0.006 NA 0.9 ± 0.2 >4500 0.2 + 0.006
1125
140 562.5- 1.6 ± 0.2c >4500 0.3 ± 0.02 >4500 0.4 ± 0.04 >4500 0.3 ± 0.01
1125
aMIC is in pig/mL. No activity (NA) was defined as normalized densit*.0 at polypeptide
concentration of 4500 ptg/mL.
bNormalized bacteria density is shown for bacteria exposed to 4500 ptg/mL polypeptide.
'Polypeptide precipitate was optically visible in the clear bacteria solution, indicating growth
inhibition, but leading to a large optical density reading resulting in large normalized bacteria
density.
Table 7-3 summarizes the MIC of the tested polypeptides against E. coli along with the
normalized bacteria density at the highest tested concentration of 4500 Ig/mL. The highest
molecular weight secondary amine shows activity against E. co/i, although the MIC is above
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4500 ptg/mL. Interestingly, unlike S. aureus the mid-range molecular weight secondary amines
show E. coli inhibition at the highest tested concentration (approximately 50% and 20% for DP =
56 and 75, respectively). Additionally, the DP = 140 tertiary amine and DP 56 QC1
polypeptides exhibited E. coli growth inhibition as shown in Table 7-3 at the highest tested
concentration, which was not observed for S. aureus. Many of the polymers developed in this
work appear to be excellent candidates for infection prevention by delivery from drug-eluting
coatings, as has been previously examined for naturally occurring AmPs [13, 36].
The quaternary amine functionalized polypeptides containing hydrophobic side chains
(QCn, n;> 4), as highlighted in Table 7-1, were examined for bacterial growth inhibition from
surface coatings. Polypeptides dissolved in methanol were allowed to coat a well plate via
solvent evaporation to yield a polymer film, and these surfaces were subsequently exposed to
bacteria solution. Table 7-4 summarizes the MIC for each of the tested polypeptides for both S.
aureus and E. coli. Here, MIC again represents the polypeptide concentration range over which
the normalized bacteria density transitions from greater than or equal to 0.1 to less than or equal
to 0.02. Any polypeptides which exhibited a normalized bacteria denstyl.0 at the highest
tested surface concentration were defined as inactive. For S. aureus, bacteria growth inhibition
was not seen for the QC4 and QC6 polypeptides. At an increased polymer hydrophobicity, QC8
was found to have a MIC between 156.3-312.5 pg/mL and 78.1-156.3 Rg/mL for the DP = 75
and 140 polymers, respectively. The QC 12 had the lowest MIC observed for S. aureus between
39.1-78.1 pg/mL (corresponding to a surface coverage of 12.2-24.4 pg/cm 2 for this water
insoluble polypeptide). QC1O also exhibited a low MIC between 312.5-625 pg/mL against S.
aureus. These results are consistent with what has been observed for antimicrobial activity
against S. aureus of similar alkylated quaternary polyethylenimines [161]. We found that the
quaternary amine polypeptides were more active against E. coli than S. aureus for QC6, had
comparable activity for QC8, and were less active for QC1O and QC12 against E. coli than S.
aureus. Figure 7-5 shows the results of this polypeptide coating dose response assay for the QC8
samples (DP = 75) for both S. aureus and E. co/i. For E. coli, bacteria growth inhibition
increased with increasing hydrophobicity up to an alkyl chain length of 8 and decreased with
alkyl chain lengths of 10 and 12. The lowest MIC was observed for the QC8 samples with a
range of 156.3-312.5 pg/mL. This trend is similar to what has been observed with pendant
quaternary amine containing methacrylate polymers, where the carbon side chain lengths tested
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were 12, 14, and 16. As the length of the carbon side chain increased, the methacrylate polymer
antimicrobial activity increased for S. aureus but decreased for E. coli [163]. We hypothesize
that the difference in MIC trends observed for S. aureus and E. coli is a result of the different
membrane structure of these bacteria.
Table 7-4: Bacteria response to QCn (n > 4) polypeptides.'
Bacteria DP Quaternary Quaternary Quaternary Quaternary Quaternary
(QC4) MIC (QC6) MIC (QC8) MIC (QC10) (QC12)
MIC MICb
S. aureus 75 NA NA 156.3-312.5 312.5-625 39.1-78.1
140 NA NA 78.1-156.3 312.5-625 39.1-78.1
E. coli 75 NA 312.5-625 156.3-312.5 1250-2500 1250-2500
140 NA 312.5-625 156.3-312.5 1250-2500 1250-2500
aMIC is in pg/mL. No activity (NA) was defined as normalized density > 1.0 at polypeptide
concentration of 2500 Rg/mL.
bQC12 is completely water insoluble; the MIC values for DP = 75 and 140 correspond to a
surface coverage of 12.2-24.4 pg/cm 2 and 390-780 Rg/cm 2, for S. aureus and E. coli,
respectively.
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Figure 7-5: Bacteria growth inhibition by QC8 (DP = 75) coating for both S. aureus and E. coli.
The exact mechanism of action of the QC'> (4) polypeptides is currently under
investigation. CD studies performed when the molecules were dissolved in methanol indicate
that the QCn (f 4) polymers adopt an a -helical conformation in solution before they are
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solvent cast, as indicated by the strong minimums at 208 nm and 222 nm as shown in Figure 7-6
[176].
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Figure 7-6: Circular Dichroism of QC8 functionalized PPLG in methanol (DP = 75, concentration = 1.67
mg/mL)
After solvent casting, FTIR was used to determine if the polymer backbone maintained a helical
structure. The strong amide I peak at 1653 nm is characteristic of an a-helical structure [177]. A
representative spectrum for the QC8 functionalized polypeptide is shown in Figure 7-7. As with
other antimicrobial polycations, it is believed that these polymers function by electrostatic
association with the negatively charged bacteria cell surface and subsequent disruption of the
plasma membrane [178]. Due to the rigidity of the polypeptide backbone, we hypothesize that
these polymers act by complexing with the exterior surface of the bacterial cell membrane, rather
than inserting fully across the membrane, as with more flexible polymers [179]. One of the
advantages of applying a systematic approach to design synthetic antimicrobial polypeptides is
that different properties can be decoupled and explored. For the current system, we are using a
rigid a-helical backbone, but in the future, utilizing a mixture of D-L monomers, it is also
possible to explore the effect of polymer backbone rigidity on the antimicrobial activity and
mechanism of membrane disruption.
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Figure 7-7: Representative FTIR of QC8 functionalized PPLG.
7.3.3 Bacteria Attachment Inhibition
An increasingly common cause of medical device failure and the spread of infection is
the formation of biofilms on implants and dead tissue [7]. The first critical step necessary for
biofilm formation is the attachment of bacteria on a surface. Preventing this attachment step will
ultimately prevent biofilm formation and is a desirable characteristic of functionalized surfaces.
To examine whether the QCn (n > 4) polypeptides have the potential to make anti -biofilm device
coatings for orthopedic implants or intraocular lenses for example, the ability of substrates
coated with these polypeptides to inhibit bacteria attachment was examined. Round glass
substrates were coated with quaternary amine functionalized polypeptide samples with varying
degrees of hydrophobicity at two different molecular weights (DP = 75 and 140) and allowed to
evaporate to evenly coat these substrates, yielding a final coating of 330 ig/cm2 . These
substrates were then tested for prevention of bacterial attachment for both S. aureus and E. co/i.
Figures 7-8 and 7-9 show the results for attachment inhibition of S. aureus and E. coli,
respectively, by these coated substrates. It was found that increasing hydrophobicity of
polypeptide functional groups leads to increased inhibition of bacterial attachment for S. aureus
and E. coli up to an alkyl chain length of 10. Beyond this point, increasing hydrophobicity (alkyl
chain length of 12) seems to decrease inhibition capability. Although the QC12 sample did have
a comparable MIC to the QC 10 in the polypeptide dose response liquid assay testing for bacteria
growth inhibition, its attachment inhibition activity is not comparable to QC10. Increased
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hydrophobicity may assist penetration of the bacteria cell based on hydrophobic interactions with
the lipid bilayer membranes; however, it is also possible that this behavior is no longer sustained
at greater alkyl chain lengths (i.e. QC12) in the case of E. coli due to changes in the
compatibility between the cationic hydrophobic side chain and the amphiphilic lipid membrane
of the cell. These changes may more significantly affect E. coli than S. aureus due to the more
complex membrane structure of Gram-negative bacteria, which may explain why there is no
significant decrease in S. aureus attachment inhibition by the QC 12 polypeptide compared to the
QC8 and QC10 polymers. These results agree with the results of bacteria growth inhibition,
where the QC12 has the lowest MIC for S. aureus and the QC8 and QC10 are also quite active
against S. aureus growth. Additionally, both molecular weights tested displayed the same trends
in activity.
QC4 QC6 QC8 QCIO QC12 control
||
0.
Figure 7-8: S. aureus attachment inhibition by quarternary amine functionalized polypeptides with varying
hydrophobicity (QC4 - QC12; control = uncoated substrate).
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Figure 7-9: E. coli attachment inhibition by quarternary amine functionalized polypeptides with varying
hydrophobicity (QC4 - QC12; control = uncoated substrate).
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7.3.4 Polypeptide Biocompatibility
As an initial test of biocompatibility RBC lysis (hemolysis) in response to these
polypeptides was examined by monitoring free hemoglobin absorbance. Table 7-5 shows results
for all polypeptides that displayed a normalized hemolysis greater than 0.005 at the highest
tested polypeptide concentration of 5000 Rg/mL. All polypeptides were found to be non-
cytotoxic, displaying low hemolytic activity in comparison to many naturally occurring AmPs as
well as several antimicrobial polymers that have recently been developed [158, 159]. In all cases
in which hemolysis above 0.5% was observed, the concentration at which this occurred far
exceeded the polypeptide MIC against S. aureus and E. coli. This is a necessary requirement for
antimicrobial polymers to attain utility in clinical applications. The largest level of hemolysis
was observed for the QC8 polypeptide, with a maximum of approximately 23% for the DP = 75
polypeptide at a 5000 pg/mL concentration. Figure 7-10 shows hemolysis in response to varying
QC8 polypeptide concentrations. This polymer was also found to exhibit high activity against
both Gram-positive and Gram-negative bacteria, and therefore, it was expected to have some
degree of hemolysis. However, the concentrations at which the QC8 polymer exhibits complete
bacteria growth inhibition were 78.1-156.3 pg/mL and 156.3-312.5 gg/mL for S. aureus E. coli
respectively, which are far lower than the concentration at which significant hemolysis is
observed (approximately less than 8%).
Table 7-5: Normalized red blood cell lysis.a
DP Primary Quaternary (QC8) Quaternary (QC10) Quaternary (QC12)
75 <0.005 0.23 ± 0.013 0.20 ± 0.024 0.085 ± 0.029
140 0.032 ± 0.003 0.11 ± 0.007 0.15 ± 0.008 0.052 ± 0.008
aSecondary, tertiary, and quaternary (QC1, QC4, QC6) amine samples showed less than
0.005 normalized red blood cell hemolysis at the highest tested concentration.
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Figure 7-10: Normalized hemolysis for QC8 polypeptide.
7.4 Conclusions
In this work, we created a library of synthetic antimicrobial polypeptides that mimic
naturally occurring AmPs. These polypeptides were designed by systematically varying the side
chain functionality (primary to quaternary amine) and alkyl side chain length of a PPLG
backbone of varying molecular weights. To assess the antimicrobial potential of these
polypeptides, they were tested based on the criteria of bacteria growth and attachment inhibition
for both Gram-negative and Gram-positive bacteria, as well as for hemolytic activity (a
preliminary indication of biocompatibility). With respect to bacteria growth inhibition, several
polymers were found to exhibit MIC values that rival naturally existing AmPs. For the
quaternary amine series, increasing side chain hydrophobicity led to increased bacteria growth
inhibition within a certain limit. In particular, QC12 was the most potent polypeptide against S.
aureus, while both QC6 and QC8 were most effective in inhibiting E. coli growth. The QC8 and
QC 10 polypeptides were optimal in completely preventing bacteria attachment for both S. aureus
and E. coli. Finally, with regards to biocompatibility, all of the antimicrobial polypeptides were
found to be non-cytotoxic with extremely low hemolytic activity in comparison to many
naturally occurring AmPs. Overall, these polymers possess many of the beneficial
characteristics of naturally occurring AmPs, including effective MIC values, broad-spectrum
activity, and potential for preventing biofilm formation by mitigating microbial attachment; at
the same time, these synthetic polypeptides are efficiently produced, cost-effective, and
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biocompatible. The antimicrobial polypeptides developed in this work are an important step
forward in the production of a new class of antimicrobial therapeutics which have the potential
for clinical translation in both systemic and local delivery applications as well as for use in semi-
permanent medical device coatings. The flexibility of this system allows for the systematic
variation of polymer properties, ranging from side chain functionality to backbone rigidity,
which will provide insight into the mechanism of action of antimicrobial agents and aid in the
rational design of future antimicrobial therapeutics.
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Chapter 8
Conclusions and Future Directions
8.1 Thesis Summary
This thesis has focused on developing layer-by-layer (LbL) assembled films for the
effective treatment of infection, inflammation, and bleeding. The primary findings of each thesis
chapter are highlighted as follows.
- In Chapter 2, the delivery of antimicrobial peptide (AmP), ponericin GI, from hydrolytically
degradable films was described. The use of various polyanions allowed tunable AmP dosage
and release timescales for these films. The released ponericin G1 maintained activity against
Staphylococcus aureus both in solution and by preventing attachment of bacteria to film
coated surfaces. Additionally, although ponericin GI was found to significantly decrease
fibroblast viability in AmP treated media, film release components, including the AmP, did
not affect mammalian cell viability [13].
- The development of a hydrolytically degradable film for the delivery of vancomycin was
examined in Chapter 3. Drug loading and release characteristics were directly related to film
growth properties which depended on the film architecture (including polyanion choice) and
the method of LbL assembly utilized (spray versus dip LbL). Dip assembled films had a
significant degree of interdiffusion compared to sprayed films, which allowed for the
formation of favorable non-electrostatic secondary interactions leading to linear drug release
over a period of approximately 2.5 days compared to a large bolus release of drug from
sprayed films. It was also found that by continuing to spray more layers, interdiffusion in
these films could eventually be induced, increasing drug release profile linearity and length
of release. Additionally, spray assembled films were shown to have significantly high drug
loadings compared to dipped films due to lack of out-diffusion of drug during the assembly
process. Drug loading up to 20 weight percent was attained, compared to maximum loadings
of approximately 7 and 3 weight percent previously reported for polyurethane scaffolds and
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poly(methyl methacrylate) beads, respectively [10]. It was shown that these films could be
coated upon drugstore bandages and retain complete vancomycin activity against S. aureus
[14]. Finally, the long term storage stability of these films was examined. The films
remained stable upon storage at both room (25 'C) and elevated temperatures (37 'C) for at
least 6 months and 1 month, respectively, maintaining release profiles and minimum
inhibitory concentrations comparable to films used directly upon assembly. These films may
therefore be suitable alternatives for use in situations where rapid care is desirable but
refrigeration of vancomycin solutions is not possible
After thoroughly examining the properties of vancomycin releasing films in Chapter 3, they
were modularly combined with previously developed non-steroidal anti-inflammatory
(NSAID) delivering LbL films [58] in Chapter 4. The goal was to create a single film that
could target both infection and inflammation. The NSAID used in these studies was
diclofenac. Studies of film component interactions prior to composite film assembly
uncovered two novel interactions, namely the interaction of vancomycin with
poly(carboxymethyl-p-cyclodextrin) and the interaction of diclofenac with vancomycin.
Additionally, studies of single-therapeutic films allowed the determination of diffusion and
exchange behavior within these films upon exposure to film deposition or wash solutions of
the complementary film. With the knowledge of these interactions and film behavior, several
optimal composite film architectures were developed for both prolonged and short-term
release of the NSAID and the antibiotic. Both dip and spray assembly were utilized to best
manipulate the interactions that were uncovered between film components and obtain the
desired release profiles. The successful application of these films to clinically-relevant
substrates, including bandages, intraocular lenses, and sutures, was demonstrated.
Additionally, both vancomycin and diclofenac were found to retain complete in vitro activity
upon delivery from these films.
In Chapter 5, the application of the vancomycin delivery films developed in Chapter 3 to a
clinically relevant substrate was explored. These films were used to coat a porous and
absorbent gelatin bandage, Surgifoam@, using the spray LBL assembly technique with
vacuum application to draw film components through the porous sponge. The hydrophilic
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LbL coating enhanced the absorbent nature of the sponge by a factor of approximately 2-
fold. Additionally, the porosity of the sponge increased drug loading approximately 880%
compared to a flat substrate, and increased the release time up to 6.2 days compared to 1.9
days for a vancomycin film on a flat substrate.
To address current issues with hemorrhage control, Chapter 6 examined the development of a
thin hemostatic coating for application to existing medical devices. The coating was
assembled based on novel hydrogen bonding interactions found to occur between the clotting
factor, thrombin, and a small polyphenol, tannic acid. Unlike traditional multilayer films,
these films incorporated no polymeric component, and unlike the other film systems
developed in this work, these films were not designed to be hydrolytically degradable.
Therefore, the films degrade slowly overtime using a diffusion based mechanism. The films
were applied to Surgifoam@ and tested in a porcine spleen injury model and found to
instantaneously promote hemostasis following a single short digital compression period
compared to several minutes and application of multiple compressions for control samples.
Lastly, in Chapter 7, the potential to economically develop antimicrobial polypeptides that
mimic the favorable properties of natural AmPs was explored. A library of synthetic
antimicrobial polypeptides was designed by systemically varying the side-chain functionality
(primary to quaternary amine) with different alkyl side chain lengths clicked on a poly-
(propargyl-L-glutamate) backbone of varying molecular weight. Several of these
polypeptides exhibited broad-spectrum growth inhibition of a model Gram-negative and
Gram-positive bacteria, Escherichia coli and S. aureus, respectively. Additionally, several of
the polypeptides also prevented attachment of these bacteria on polypeptide coated
substrates. Additionally, these polypeptides had low red blood cell hemolytic activity
compared to many naturally occurring antimicrobial peptides.
8.2 Future Directions
There are many potential future directions that could be taken to build upon the findings
of this thesis. First, some of the most obvious future steps would be to prove in vivo efficacy of
both the infection and inflammation related films developed here and examine the long term
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storage stability of these films coated on relevant clinical substrates. The eventual goal of this
work is to create a single device that is able to simultaneously address infection, inflammation,
and bleeding. In this thesis, single films that control both infection and inflammation were
developed. The next logical step is to work on a method for combining these films with the
hemostatic films developed in this thesis. This is complicated by issues related to film
component interdiffusion and the fact that the hemostatic film is built primarily based on
hydrogen bonding interactions whereas the other therapeutics have been assembled into films via
electrostatic means. It has previously been shown that a single film containing stacks of
hydrogen bonded components and stacks of electrostatically interacting layers can be assembled
[180]. Similar methods could be employed to accomplish the goal of combining all films
developed in this thesis to create a single multi-functional therapeutic device. Additionally,
methods must be explored to control interdiffusion between the various therapeutic segments of
this multi-functional film. When concurrent release of therapeutics is desired, such as the films
developed in Chapter 4 to simultaneously address infection and inflammation, interdiffusion
between film components can be very useful in promoting favorable interactions between film
components. However, in cases where sequential drug delivery is needed, interdiffusion of film
components is not desirable. Aside from techniques that have been employed and are currently
under investigation for producing barrier layers to prevent film components from interacting,
there is potential for applying findings from this thesis regarding the ability of spray assembled
films to greatly reduce the level of interdiffusion that occurs during film assembly [14] to further
assist in separating the interactions of film components.
Additionally, in this thesis it was shown that thrombin is a hydrogen bond acceptor,
interacting strongly with tannic acid, a hydrogen bond donor. It is conceivable that films could
be constructed that are entirely composed of the therapeutic components that are of interest to
this work, including thrombin and vancomycin. There are numerous potential hydrogen bond
donors on the vancomycin molecule, which like tannic acid, may interact directly with thrombin.
It may, therefore, be possible to assemble ultra-thin therapeutic coatings that contain only large
densities of thrombin and vancomycin. A film like this would allow for immediate action
against both bleeding and infection.
It may also be desirable to examine other methods of stimuli-responsiveness aside from
degradation based on molecular diffusion and polymer hydrolysis, which were the primary
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means of drug release explored in this thesis. Numerous other methods of stimuli-responsive
drug release have previously been employed. Particularly interesting to the applications of this
thesis would be triggered drug release based on either temperature or pH. Both of these have
been explored in the context of hydrogen bonded films [180, 181]. By incorporating polymeric
components like poly(N-isopropyl acrylamide), which are responsive near physiologic
temperatures, the film may undergo rearrangement or disruption upon exposure to these
temperatures, triggering drug release. Additionally, by using materials that undergo large
changes in degree of ionization between film deposition and release, a similar stimuli-responsive
behavior may be attained. For example, deposition of poly(acrylic acid) containing films at low
pH where poly(acrylic acid) is fully protonated and acts as a good hydrogen bond donor, and
subsequent release at higher pH conditions in which the acid groups are fully ionized disrupting
hydrogen bonding interactions, may allow for triggered drug release. For conditions in which
rapid treatment is needed, such as bleeding, having a film that contains a large density of drug
and then rapidly deconstructs at physiologic pH or temperature would be highly desirable.
Finally, there is great potential for clinical translation of the therapeutic films developed
in this thesis. The hemostatic films developed in Chapter 6 are composed entirely of materials
that are approved by the United States Food and Drug Administration (FDA) and these films
have already shown in vivo efficacy in a large animal model. These coatings are therefore
readily translatable. Therapeutic films developed in this thesis for infection and inflammation
control described in Chapters 3 through 5 also contain materials that are approved by the FDA
(such as the therapeutics and polyanions used) or are in the in the process of approval, such as
the poly(p-amino esters), which have recently found utility in commercial hair products. By
developing coatings that are composed of materials that are commonly used and approved by the
FDA, clinical translation is greatly facilitated, compared to developing or using materials whose
properties are not well characterized. The next step towards translation for films developed in
Chapters 3 through 5 would be characterization of efficacy in infection and inflammation animal
models.
8.3 Concluding Remarks
This thesis has enhanced the understanding of designing tunable drug releasing
multilayer films. Overall, it was shown that drug loading and release behavior of therapeutic
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containing films are strong functions not only of the film architecture but also of the film
assembly technique utilized (spray versus dip LbL). Both film architecture and assembly
technique greatly influence the formation of favorable secondary interactions which may be
crucial to stability of a particular film. Prior to the findings of this thesis, the understanding of
small molecule behavior in spray LbL assembled films was limited. Additionally, this thesis
showed that film architecture can be better informed by performing studies to explore
interactions between film components prior to film assembly, a previously unexplored design
approach.
The novel drug delivery coatings developed in this thesis using LbL assembly have
greatly improved the treatment potential for traumatic injury resulting in bleeding, infection, and
inflammation. These versatile coatings were designed to specifically overcome the drawbacks of
current drug delivery methods for each of these conditions which lead to inferior treatment
options for patients. This includes treatment over inappropriate timescales or inappropriate drug
concentrations or lack of methods that are easily applicable and do not require long-term patient
hospitalization. Although the films in this work were developed specifically to target infection,
inflammation, and bleeding, the findings of this thesis can be applied to the development of
various other drug delivery or self-assembling systems.
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Appendix A
Fitting Data That Transitions Between Two Linear
Regimes
A. 1 Instantaneous Transition
For a variable t which varies with n, and where the trend shows two linear regions with
different slopes connected at a transition value no, we can use following simple relation
t = Xn + X, {(n n) )-In -n}+ IX 2 {(n -n)+In -n, l}1 (1)
where, no is the value of n where the slope changes from X to a higher value X 2.
Here, if n < no, n -no (n - no), equation (1) reduces to:
t = Xin
If n > n , n -no (n -no), equation (1) reduces to
t =(X - X 2 ) n + X 2n
Note, since In -n = (n-n 0 2), we can also rewrite (1) as
t=Xino + X,{(n-no)- (n -no)+ IX 2 (n -no)+ (n-n 0 )} (2)
A.2 Smooth Transition
For a variable t which varies with n, and where the trend shows two linear regimes with
different slopes, and where one linear regime with lower slope smoothly transitions to the second
linear region with higher slope, we can use following simple relation:
t=Xin + X , {(n no )- (n- n 2 +dn + X 2 {(n-no)±(n-n)2 +dn}
where, no, denotes a value for n related to where transition from one region to another region
occurs. The parameter, d (d > 0), controls how gradually the transition happens. The lower the
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(3)
value of d, the narrower the transition region (d = 0, indicates abrupt change and (3) simplifies to
(2)).
We can rearrange and write (3) as
t=Xn, + 2 (XI+ X 2 )(n-n)- (XI2 2 X 2 ) (n-n)
2 +dn (4)
Figure A-1: Two phase linear transition.
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Appendix B
Effect of Wash Ionic Strength on Vancomycin Films
Vancomycin containing films were constructed with the same architecture as films
described in Chapter 3, (poly 2/polyanion/vancomycin/polyanion), on (LPEI/SPS)IO. All
deposition solutions had the same concentration, pH, and ionic strength as the films constructed
in Chapter 3. However, instead of rinsing in solutions with the same ionic strength as the
deposition solutions (0.1 M sodium acetate buffer, pH 5.0), the rinse steps were carried out in
deionized water (18.2 MQ, Milli-Q Ultrapure Water System, Millipore). The pH of this water
was not adjusted and was tested at the start of the deposition process to be approximately pH 5.
Additionally, no salt was added to this water rinse. Figure B-1 shows the growth profiles of
these films, while Figure B-2 shows the release profiles of 60 tetralayer films.
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Figure B-1: Growth profiles for: (poly 2/polyanion/vancomycin/polyanion).. Rinse steps following each
deposition were conducted in deionized water (no ionic strength of pH adjustment).
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Except for the dextran sulfate dipped films, the films constructed with unadjusted water rinse
steps, loaded more vancomycin for the same number of tetralayers as those that were rinsed at
the same pH and ionic strength as the deposition solutions. However, all films released
vancomycin rapidly (in the first 4 to 8 hours).
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Figure B-2: Vancomycin release from dipped and sprayed 60 tetralayer films with water rinse steps.
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Appendix C
Antimicrobial Polypeptide Surface Coatings
C. 1 Calculation of Thickness
Thickness of solvent cast polypeptides was estimated by assuming that the polymer is a
rigid rod a-helical peptide [182], as shown below (Equations 1-6). Figure C-1 shows a
schematic of the polypeptide dimensions.
RF E
Figure C-1: Polypeptide schematic.
The length of the polypeptide, f, was estimated by calculating how many turns each polymer has
(3.62 repeat units per turn) and multiplying it by the distance between turns on an a-helical
backbone (1.5 A per turn). The polymer radius, RFE, was estimated by assuming the polypeptide
side chains protruded out from the a-helical backbone in a fully extended chain conformation.
The surface area, App, covered by a single polypeptide was estimated by multiplying f by 2 RFE
(the polymer diameter). The total area covered by polypeptides if they were packed as cylinders
in a single monolayer, Asc, was calculated by multiplying Apr by the concentration of polymer
solution, Cps, and the volume casted, Vps, as well as Avogadro's number, and dividing this by
the molecular weight of the polypeptide, MWpr. The number of polypeptide monolayers, L, was
estimated by dividing the disc area, AD, by Asc. The thickness, h, was estimated by multiplying
the number of polypeptide layers by 2 RFE.
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nturns 3 .6 (1)
1 = 1.5, x nT (2)
App = x 2 RFE (3)
Asc = AppXCPSXVpSXNA (4)Mwpp
L = AD (5)
Asc
h = L x 2 RFE (6)
C.2 Substrate Coating Experiments
E
04000
E2000
: 01
estimated thickness before treatment
before treatment after treatment
Figure C-2: Average polypeptide film thickness.
Figure C-2 shows thicknesses following solvent casting of PPLG DP=75 substituted with
QC6, QC8, and QC10 polypeptide films before and after bacteria culture media treatment (data
shown here corresponds to incubation in CaMHB). The predicted thickness values before
treatment based on the above model are also shown. The estimated polypeptide thickness was
within 30% of the measured film thickness. Morphology of films before and after treatment is
shown for the QC10 polypeptide solvent cast substrates in the following atomic force
microscopy images.
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Figure C-3: QC10 solvent cast substrate morphology (10 pm x 10 sim). A.) Before media treatment
(maximum z-scale = 22.1 nm). B.) After media treatment (maximum z-scale = 1.7 nm).
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